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Abstract
STRUCTURAL STUDIES OF BIOPOLYMERS USING COMPUTER
SIMULATIONS, OPTICAL AND MAGNETIC SPECTROSCOPY
by
Subhasish Chatterjee
Adviser: Professor Ruth E. Stark

Biopolymers

are

essential

macromolecular assemblies.

components

of

numerous

natural

and

synthetic

In the present study, the structural properties of

biopolymers ranging from fungal melanins to synthetic nucleic acids were investigated
using spectroscopic methods and theoretical modeling. (1) Computational modeling and
molecular dynamics simulations were used to study the structural properties of a short
single-stranded (ss) DNA. The dependence of the conformational stability and flexibility
of the ssDNA on the thermodynamic conditions of the system was demonstrated. (2)
Time-resolved fluorescence spectroscopy involving an organic donor-quencher pair was
utilized to study the conformational properties of Y-shaped DNA. Results highlighted
the different distances between the arms of the Y-DNA and indicated the overall
structural stability of the Y-DNA system. Time-resolved fluorescence techniques were
applied to investigate the distance dependence of the non-radiative energy transfer
process between an organic donor (fluorescein) and a gold nanoparticle quencher
connected by double stranded (ds) DNA. (3) Synthesis of phospholipid-conjugated gold
nanoparticles and their self-assembly onto an aqueous subphase were tested.

The

resulting lipid-capped nanoparticles were characterized by optical methods such as

v
UV-Vis absorption spectroscopy and dynamic light scattering.

The effects of bio-

functionalization on the size of biotin-capped gold nanoparticles were investigated using
optical techniques. (4) Solid-state nuclear magnetic resonance (NMR) spectroscopy was
utilized to elucidate the structural characteristics of fungal melanins. Various spinning
speeds, temperatures, magnetic field strengths, and isotopic labels were utilized with 1D
and 2D

13

C MAS NMR, revealing distinctive structural fingerprints of the fungal

melanins generated

biosynthetically with L-dopa, methyldopa, epinephrine, and

norepinephrine. These pigments exhibited differences in their aromatic and aliphatic
structures and probable biosynthetic pathways, and it was possible to delineate
proximities between particular melanin and membrane-related molecular groups.

vi

Acknowledgements

I remain ever grateful to my mentor, Professor Ruth Stark, for her kind support,
encouragement, and guidance throughout my doctoral study. I would like to express my
heartfelt gratitude to my thesis committee advisers, Professors Bonnie Gersten, Vinod
Menon and Harry Gafney, for their munificent advice and the opportunities to work with
them.
I gratefully acknowledge the cordial help of Dr. Baohe Chang, Dr. Nikesh Valappil,
Dr. Hsin Wang, Dr. Boris Itin, Ms. Miriam Ginzberg, and Ms. Markrete Krikorian, whom
I worked with at various stages of my doctoral study. I remain very thankful to my all
colleagues and friends at Queens College and City College for their help and assistance.
I would like to thank Prof. Arturo Casadevall’s group for the collaboration on the
structural investigation of fungal melanins and Prof. Dan Luo’s group for the
collaboration on the time-resolved spectroscopic study on nucleic acid systems.
I gratefully acknowledge the Irving Hochberg Dissertation Fellowship in the Sciences
(2007-2008) from the Graduate Center of City University of New York.

vii

Table of Contents
1.1.

An Overview of Melanin Structure......................................................................... 1

1.2.

Deducing the Molecular Structure of Fungal Melanins .......................................... 5

1.3.

Biosynthesis of Fungal Melanins ............................................................................ 9

1.4.

Introduction to Solid-State Nuclear Magnetic Resonance (NMR) Experiments .. 11

1.5.

Results and Discussion ......................................................................................... 23

1.5.1.

Structural Frameworks of Melanin ............................................................... 23

1.5.2.

Investigating melanin structure using isotopically labeled precursors ......... 41

1.5.3.

Exploring the possibility of proximity between fungal cell wall components
and melanins ................................................................................................ 49

1.5.4.

Synthesis of 15N-labeled L-dopa precursor ................................................... 61

1.6.

Conclusions ........................................................................................................... 63

1.7.

References ............................................................................................................. 65

2.1.

Introduction ........................................................................................................... 69

2.2.

Investigating the energy transfer mechanism between a DNA conjugated organic
donor and gold nanoparticle by time-resolved spectroscopy. ............................... 79

2.2.1.

Experimental Method.................................................................................... 82

2.2.2.

Results and Discussion ................................................................................. 83

2.3.

Structural study of Y-DNA using Time-resolved Fluorescence Spectroscopy .... 92

2.3.1.

Experimental Method.................................................................................... 94

2.3.2.

Results and Discussion ................................................................................. 96

2.4.

An investigation of steady-state and time-dependent luminescence properties of
colloidal InGaP quantum dots ............................................................................. 108

2.4.1.

Experimental Methods ................................................................................ 110

2.4.2.

Results and Discussion ............................................................................... 111

2.5.

References ........................................................................................................... 118

3.1.

Introduction ......................................................................................................... 123

3.2.

Molecular dynamics simulations of a single stranded (ss) DNA........................ 125

3.2.1.

Simulation Method...................................................................................... 126

3.2.2.

Results and Discussion ............................................................................... 129

3.3.

Preparing nanopore structures for biosensing: Effect of anodization conditions on
the synthesis of TiO2 nanopores ........................................................................ 137

3.3.1.

Experimental Procedure .............................................................................. 139

3.3.2.

Results and Discussion ............................................................................... 140

3.4.

Synthesis and Self-assembly of Lipid (DMPC)–capped Gold Nanoparticles .... 146

viii
3.4.1.

Experimental Procedure .............................................................................. 150

3.4.2.

Synthesis of DMPC-capped gold nanoparticles ......................................... 150

3.4.3.

Characterization of the gold nanoparticles ................................................. 151

3.4.4.

Assembly of DMPC-capped gold nanoparticles using Langmuir-Blodgett
Apparatus ................................................................................................... 152

3.4.5.

Results and Discussion ............................................................................... 153

3.5.

Investigating bio-molecular functionalization of gold nanoparticles ................. 159

3.5.1.

Experimental Procedures ............................................................................ 161

3.5.2.

Results and Discussion ............................................................................... 162

3.6.

References ........................................................................................................... 167

4. Bibliography ............................................................................................................... 172

ix

Tables
Table 1: Distance between the donor and acceptor attached to Y-DNA arms. .............. 101
Table 2: Heating effect on lifetime of the Y-DNA conjugated with Alexa 488. ............ 105
Table 3: Diameters of the gold nanoparticles measured by DLS ................................... 166

x

List of Figures
Figure 1: Possible intermediates for melanin synthesis. ..................................................... 3
Figure 2: Phenolic substrates for C. neoformans melanization. ......................................... 6
Figure 3: θ is the angle between the external magnetic field (Bo) and the internuclear
distance vector. ............................................................................................... 14
Figure 4: The cross-polarization pulse scheme. ................................................................ 16
Figure 5: Pulse scheme of cross-polarization (CP) with interrupted decoupling. ............ 19
Figure 6: DARR pulse sequence [33]. .............................................................................. 21
Figure 7: A schematic diagram of basic techniques for the investigation of istopically
labeled biomolecular system in solid-state NMR, involving 1D and 2D NMR
spectroscopic tools. [Adapted from Ref.36] ................................................... 22
Figure 8: CPMAS 13C spectra (150 MHz) of melanin produced with L-dopa (A) and
L-dopa precursor (B). Both 13C spectra were acquired at 15 kHz spinning
frequency......................................................................................................... 24
Figure 9: CPMAS 13C spectra of methyldopa melanin. The data were acquired at
different magnetic field strengths, 600 MHz (A) and 900 MHz (B),
respectively. The sample was spun at 15 kHz. ............................................... 26
Figure 10: 150 MHz 13C CPMAS spectra of L-dopa melanin. The data were acquired at
different temperatures. The sample was spun at 30 kHz. .............................. 27
Figure 11: 150 MHz 13C CPMAS spectra of L-dopa melanin. The spectra were acquired
at two different spinning frequencies and at room temperature. .................... 28
Figure 12: 150 MHz 13C CPMAS spectra of L-dopa melanin. The spectra were acquired
at 8 kHz spinning frequency. The introduction of a series of time delays (10
µs- 60 µs) in the proton decoupling (Figure 5) showed the dephasing of the
singly and doubly protonated carbons. ........................................................... 29
Figure 13: (A) CPMAS 13C spectrum (225 MHz) of melanin produced with methyl
dopa. (B) CPMAS 13C spectrum (150 MHz) of methyldopa precursor. Both
13
C spectra were acquired at 15kHz spinning frequency. ............................... 30
Figure 14: (A) 225 MHz 13C CPMAS spectrum of melanin generated from epinephrine.
(B) 150 MHz 13C CPMAS spectrum of epinephrine precursor. The data were
acquired at 15 kHz spinning frequency. ......................................................... 31
Figure 15: CPMAS 13C spectra of melanins derived from four catecholamine precursors.
All data were acquired at 15 kHz spinning frequency. ................................... 33
Figure 16: Mason−Raper scheme of melanogenesis. The early step in which tyrosinase
catalyzes the conversion of tyrosine to L-dopa has been omitted .[Adapted
from Ref.6] ...................................................................................................... 34
Figure 17: CPMAS 13C spectra (150 MHz) of melanins derived from serotonin and Ldopa. The data were acquired at 15 kHz spinning frequency. ........................ 35

xi
Figure 18: 225 MHz CPMAS 13C spectrum of L-dopa melanin recovered from the new
cell line (A). Figure 18B shows the comparison between 150 MHz 13C
spectra of L-dopa melanin extracted from two different cell lines. All data
were acquired at 15 kHz spinning frequency. ................................................. 37
Figure 19: 150 MHz 13C CPMAS spectrum of melanin generated from a mixture of Ldopa and epinephrine (1:1 mol/mol) and U-13C-glucose. The spectrum was
acquired at 15 kHz spinning frequency. ......................................................... 39
Figure 20: 150 MHz 13C CPMAS spectra of melanin generated from a mixture of L-dopa
and epinephrine (1:1 mol/mol) and U-13C-glucose. The spectra were acquired
at 8 kHz spinning frequency. The application of a series of time delays (10
µs- 60 µs) in the proton decoupling showed the dephasing of the singly or
doubly protonated carbons. ............................................................................. 40
Figure 21: CPMAS 13C (188 MHz) NMR spectra of melanin produced with ring 13C -Ldopa and 12C-glucose. The spectra were acquired at 10 kHz spinning
frequency and room temperature. ................................................................... 42
Figure 22: CPMAS 13C (188 MHz) NMR spectra of melanin produced with ring 13C -Ldopa and 12C-glucose. The spectra were acquired at 10 kHz spinning
frequency and at room temperature. The introduction of a series of time
delays(10 µs- 40 µs) in the proton decoupling showed the dephasing of the
protonated carbons. ......................................................................................... 43
Figure 23: CPMAS 13C (188 MHz) NMR spectra of melanin produced with ring 13C -Ldopa and U-13C-glucose. The spectra were acquired at 10 kHz spinning
frequency and room temperature. ................................................................... 44
Figure 24: CPMAS 13C (188 MHz) NMR spectra of melanin produced with ring 13C -Ldopa and U-13C-glucose. The spectra were acquired at 10 kHz spinning
frequency and at room temperature. The introduction of a series of time delays
(10 µs- 40 µs) in the proton decoupling showed the dephasing of the singly
and doubly protonated carbons. ...................................................................... 45
Figure 25: CPMAS 13C (225 MHz) NMR spectrum of melanin produced with 2,3-13C2-Ldopa and U-13C-glucose. The sample was spun at 15 kHz. ........................... 47
Figure 26: CPMAS 13C (188 MHz) NMR spectra of melanin produced with 2,3-13C2-Ldopa and U-13C-glucose. The spectra were acquired at 10 kHz spinning
frequency and at room temperature. The introduction of a series of time delays
(10 µs- 40 µs) in the proton decoupling showed the dephasing of the singly
and doubly protonated carbons. ...................................................................... 48
Figure 27: 2D 13C-13C chemical shift correlation spectra of melanin generated from an
equimolar mixture of L-dopa and epinephrine and uniformly 13C labeled
glucose at 600 MHz with three DARR mixing times, 50 ms (A), 250 ms (B),
and 500 ms (C). Circles designate cross peaks that grow in at longer mixing
times. ............................................................................................................... 52
Figure 28: (A) 2D 13C-13C chemical shift correlation spectrum of melanin produced with
ring-13C-L-dopa and U-13C-glucose at 750 MHz with 500 ms DARR mixing

xii
time. (B) 2D 13C-13C chemical shift correlation spectrum of melanin produced
with ring-13C-L-dopa and 12C-glucose at 750 MHz with 500 ms DARR
mixing time. Both spectra were acquired at 15 kHz spinning frequency and
room temperature. ........................................................................................... 54
Figure 29: Superimposed 2D 13C-13C chemical shift correlation spectra of melanins
produced with ring-13C-L-dopa and 13C-glucose (red), and ring-13C-L-dopa
and 12C-glucose (blue). All spectra were obtained at 750 MHz with 500 ms
DARR mixing time. ........................................................................................ 55
Figure 30: 2D 13C-13C chemical shift correlation spectra of melanin generated from 2,313
C2-L-dopa and uniformly 13C labeled glucose at 600 MHz with three DARR
mixing times, 50 ms (A), 250 ms (B), and 500 ms (C). The data were
acquired at room temperature and 15 kHz spinning frequency. ..................... 58
Figure 31:2D 13C-13C chemical shift correlation spectra of melanin generated from 2,313
C2-Ldopa and uniformly 13C labeled glucose at 750 MHz with two DARR
mixing times, 250 ms (A), and 500 ms (B). The spectra were acquired at room
temperature and 15 kHz spinning frequency. ................................................. 59
Figure 32: A schematic diagram showing L-dopa synthesis. ........................................... 62
Figure 33: A donor-acceptor pair is separated by the distance d, and the arrows
designated as DE and DA represent transition dipoles of donor and acceptor,
respectively. .................................................................................................... 70
Figure 34: Steady-state PL spectrum of FAM conjugated with DNA showing the
emission maximum at 518 nm (A). Time-resolved emission dynamics of FAM
exhibiting a single exponential decay with lifetime of 4.18 ns (B). ............... 84
Figure 35: A schematic drawing of the system under investigation. A 1.4 nm gold
nanoparticle and a FAM donor are attached to the two ends of a double
stranded DNA via linkers. Four different lengths investigated in the present
study are also indicated. .................................................................................. 86
Figure 36: Results of time-resolved luminescence measurements indicating the change in
lifetime observed for the three different distances studied (20 bp, 26 bp and 36
bp). .................................................................................................................. 87
Figure 37: The quenching efficiency plotted as a function of distance for 1/d4 and 1/d6
models. At distances greater than 10 nm, the system shows quenching
efficiencies closer to the 1/d4 model. .............................................................. 91
Figure 38: A schematic diagram of Y-DNA with the positions of the attached fluorophore
(Alexa 488) and quencher (Dabcyl). Ya, Yb, and Yc represent the distance
between the donor and quencher..................................................................... 95
Figure 39: Steady-state photoluminescence spectrum of Alexa 488 conjugated with YDNA (A). Time-resolved luminescence study of Alexa 488 associated with
Y-DNA (B). .................................................................................................... 97
Figure 40: Steady-state emission spectra of Alexa 488 associated with Y1, Y2 and Y3. .. 98

xiii
Figure 41: Time-resolved emission spectra of Alexa 488 associated with Y1, Y2 and Y3
DNA systems, showing differences in lifetime of the fluorophore conjugated
to the Y-DNA systems. ................................................................................... 99
Figure 42:Time–resolved spectra of Alexa 488 showing the effect of heating on the
emission dynamics of the flurophore conjugated with Y1. ........................... 102
Figure 43:Time–resolved spectra of Alexa 488 showing the effect of heating on the
emission dynamics of the flurophore conjugated with Y2. ........................... 103
Figure 44:Time–resolved spectra of Alexa 488 showing the effect of heating on the
emission dynamics of the flurophore conjugated with Y3 . .......................... 104
Figure 45: A schematic diagram describing the motion of Y-DNA arms upon heating.
The changes in the relative position of the donor and acceptor are indicated by
dashed arrows and dotted lines (---).............................................................. 106
Figure 46: Optical absorption (solid line) and PL (dashed line) spectra of InGaP quantum
dots. ............................................................................................................... 111
Figure 47: Time-resolved PL spectra of InGaP quantum dots at three different emission
wavelengths 610 nm (blue squares),650 nm (green circles) and 690 nm (red
triangle), corresponding to the wavelengths below and above the emission
maximum of 650 nm. .................................................................................... 113
Figure 48: The absorption spectrum of the absorber ABS 642 showed a significant
overlap with the photoluminescence spectrum of InGaP quantum dots at 650
nm. ................................................................................................................ 115
Figure 49: CW PL spectra exhibited the quenching of the InGaP QD luminescence. The
emissions of the QD in the absence (dashed line) and in the presence (solid
line) of the quencher (Exciton ABS 642) are shown. ................................... 115
Figure 50:Time resolved photoluminescence spectra of InGaP quantum dots in the
presence of the quencher, Exciton absorber ABS 642. Additionally, the decay
of the InGaP quantum dots (filled squares) is presented. All spectra were
recorded at 650 nm........................................................................................ 116
Figure 51: Temperature fluctuation observed in NVE ensemble of ssDNA. ................. 130
Figure 52: The distribution of kinetic energy of ss DNA system in NVT ensemble...... 132
Figure 53: RMSD of ssDNA backbone in NVT ensemble. ............................................ 134
Figure 54: RMSD of ssDNA backbone in NPT ensemble ............................................. 135
Figure 55: SEM images of TiO2 nanopores prepared by anodization for 5 minutes in (A)
0.5 %, (B) 1%, (C) 5%, and (D) 10% HF solutions. ..................................... 141
Figure 56: TiO2 nanopores prepared by anodization in 0.5%HF for (F) 5 mins, (G) 10
mins, (I) 20 mins, and (J) 30 minutes. Inserts H and K show the structures
formed at 10 and 30 minutes. ........................................................................ 142
Figure 57: TiO2 nanopores prepared by anodization in 5% HF for (L) 5 mins, (M) 10
mins, and (N) 20 mins. .................................................................................. 143

xiv
Figure 58: DMPC (1, 2-dimyristoyl-sn-glycero-3-phosphocholine) ............................. 148
Figure 59: UV-Vis absorption spectrum of gold nanoparticles in toluene. .................... 153
Figure 60: DLS analysis of gold nanoparticles from a lognormal plot of intensity vs.
diameter of the nanoparticles. Fluctuations in the time intensity of the
scattered light were processed by computing the autocorrelation function,
C(τ), τ = decay time. .................................................................................... 154
Figure 61: TEM images of gold nanoparticles at a magnification of 120k (A) and 200k
(B). ................................................................................................................ 155
Figure 62: Compression isotherm (π –A) curves of DMPC (A) and DMPC capped gold
nanoparticles (B). .......................................................................................... 157
Figure 63: UV-Vis absorption spectra of the biotinylated gold and BSA-biotinylated gold
nanoparticles. ................................................................................................ 163
Figure 64: An autocorrelation of the scattered light intensity trace recorded during DLS
experiment..................................................................................................... 165

1

1.1. An Overview of Melanin Structure
Melanin, a ubiquitous natural pigment, is associated with various biological functions
such as microbial virulence, drug resistance, energy transduction, radical scavenging, and
protection against sunlight [1-6]. In various opportunistic pathogenic fungi, including
Cryptococcus neoformans, melanin formation is connected with virulence, thus posing
problems for immunocompromised individuals [7]. Because melanins are associated
with enhanced virulence [7, 8] and also reduced fungal cell susceptibility to azole-type
drugs, they are a natural target for drug discovery [3, 7, 11]. Melanin is also thought to
be responsible for the resistance of human melanoma cells to therapeutic radiation and
chemotherapy [11]. The similarities between fungal (Cryptococcal) and mammalian
melanin have been utilized to develop monoclonal antibodies for the treatment of
melanoma [12].
Although melanins are present in a wide range of biological kingdoms, the structures of
these amorphous pigments are poorly understood because of their heterogeneous,
insoluble, hydrophobic and charged polymeric physiochemical characteristics [3-6].
Based on chemical degradation studies, these pigments have been deduced to be phenol
or indole-based polymers [5]. However, investigating the structure of the intact pigment
remains an extraordinarily challenging task [5, 6, 9]. Melanins are broadly categorized
into two groups depending on their chemical composition [3]: eumelanins are dark brown
to black pigments containing 6-7% nitrogen and 0-1% sulfur; whereas pheomelanins are
reddish-brown pigments with 8-11% nitrogen and 9-12% sulfur [3]. The pigments in the
human skin, in melanomas, in melanized neurons (Substantia nigra) and in melanized
Cryptococcus neoformans are all eumelanins [6, 10, 11]. In contrast, red hair pigment is
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a pheomelanin. Molecular-level structural investigations of melanin with solution-state
spectroscopic and optical techniques are precluded by the insolubility of brown or black
melanins [5, 6]. Similarly, the amorphous physical characteristics of melanin do not
allow the use of current crystallographic methods for elucidating their molecular
structures.

Solid-state NMR offers an exclusive means for atomic level structural

investigation in light of melanin’s amorphous and insoluble physical properties [5, 6, 10].
A common functional feature of natural melanins is the entrapment of free radicals,
which yields paramagnetic characteristics of the biopolymer, evidenced by various
electron paramagnetic resonance (EPR) experiments [3, 13, 14, 15]. It has been proposed
that several redox forms of the indolic monomers are responsible for the paramagnetic
characteristics of melanin [16, 17].

Although several EPR reports attributed the

paramagnetic activity of melanin to the presence of free radicals generated in the
pigment, no structural correlation between the redox forms and overall molecular
architecture of the pigment has been established. Neither the mechanism of formation of
the redox intermediates nor their role in eumelanin’s paramagnetic activity is clearly
understood. Moreover, synthetic melanin systems may not be a valid model, since they
might not duplicate the intrinsic structural details of the natural biopolymer. Although
several theoretical and experimental studies have proposed that eumelanin is composed
of indolic monomers such as 5,6 dihydroxyindole (DHI) and 5,6 dihydroxyindole-2carboxylic acid (DHICA) [16,17] (Figure 1), it is not clearly understood how these
monomeric units are conjugated together to form a polymer.
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DHI

DHICA

Figure 1: Possible intermediates for melanin synthesis.

The covalent structures related to the possible binding of melanin with neighboring
biopolymers such as proteins, lipids, and carbohydrates also remain unsettled [3,5, 6].
Natural melanins are capable of binding and storing various types of metal ions, and their
affinity regulates the role of melanin as a reservoir for metal ions and as an antioxidant
controlling oxidative stress [19]. The presence of metals in neuromelanin has drawn
considerable attention due to their possible connections with the selective degradation of
pigmented neurons in the Substantia nigra (SN) of the brains of patients suffering from
Parkinson’s disease [19]. The ability to bind metal ions was demonstrated by several
structural and functional analyses of melanin using chemical degradation and numerous
spectroscopic techniques such as IR, Raman, XPS, and ssNMR [19]. Furthermore, the
chemical nature of the functional groups present in indolic monomers controls the pHdependent metal binding capacity of the pigment. Commonly, the binding affinity of
melanin to metal ions follows this incremental order, alkali metal < alkaline earth metal <
Zn (II) <Cu (II), Fe (II), and Mn (II) [17]. The chemical properties of the functional
groups affect the metal binding affinity of the pigment by controlling the proportion of
binding sites in the polymer and their local environment [17]. Since metal ion binding
centers of the pigment are expected to be electron-rich sites of the polymer, the
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paramagnetic characteristics of melanin can be altered due to binding to metal ions.
Hence, an investigation of the paramagnetic properties of melanin can provide details on
the structural integration of molecular sites that play a crucial role in its metal ion binding
capacity.
Various structural models have suggested that synthetic eumelanin is an extended
heteropolymer with extensive cross-linking [20, 22].

Conversely, recent structural

studies have proposed that eumelanin is mainly a stack of oligomers consisting of four to
seven monomers [20, 21]. In general, eumelanins show strong broadband absorption and
relatively weak emissions; the positions of excitation peaks and emission wavelengths are
largely dependent on the source of the eumelanin.

The appearance of a specific

excitation peak at 365 nm, exhibiting its position irrespective of emission wavelengths, is
attributed to singly linked monomers in the stacked polymeric structure [20]. Some
structural investigations of synthetic melanin using X-ray diffraction [23, 24] and atomic
force microscopy support the stacked polymer model [20, 21]. However, no structural
framework of natural eumelanin has been firmly established.
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1.2. Deducing the Molecular Structure of Fungal Melanins
The pathogenic fungus Cryptococcus neoformans (CN) produces melanin pigments only
in the presence of exogenous substrates and thereby offers unique opportunities for
probing melanin structure at the molecular level [3]. C. neoformans exhibits differences
in the melanin synthesis process from other melanotic pathogenic fungi such as
Wangiella dermatitidis or Aspergillus spp. that synthesize melanin-like pigments from
endogenous substrates (25, 26). Laccases (Lac), which are copper-containing oxidase
enzymes, catalyze melanin synthesis in C. neoformans [27]. There are two laccases in C.
neoformans, encoded by genes LAC1 and LAC2 [27]. Although these enzymes are
highly homologous, they show differences in activity, transcriptional regulation and
cellular localization, with Lac1 and Lac2 being found in the cell wall and cytoplasm,
respectively [3]. The regulation of melanization in C. neoformans is a complex process
with numerous genes involved in both pigment production and laccase expression [3,13].
Incubating C. neoformans with phenolic substrates leads to melanization with laccase
activity that can oxidize both p- and o-diphenols (Figure 2), giving different products
[28-30]. The oxidation of o-diphenols (phenol rings with hydroxyl groups in the 2,3- or
3,4-positions) results in the deposition of insoluble pigment in the cell wall. Conversely,
the oxidation of p-diphenols (phenol rings with hydroxyl groups in the 1,4- and 2,5positions) produces soluble pigment that diffuses into the medium [28-30]. The insoluble
cell-wall associated pigment contains a stable free radical and shows EPR activity [3,13].
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1

1
2

o-phenol

4

p-phenol
phenol

Figure 2: Phenolic substrates for C. neoformans melanization.
melanization

Melanin pigment deposited in the cell wall of C. neoformans is isolated by stepwise
treatment of the melanized cells with fungal cell wall digesting enzymes, denaturants,
proteinases, chloroform, and boiling hydrochloric acid [3, 8, 13].

The recovered

materials (melanin “ghosts”) are suitable for biophysical experimentation [3, 8 ]. Various
catecholamines such as L
L-dopa are reported to be obligatory exogenous precursors of
melanin, which are then known as dopa
dopa-melanins. Experimental studies have highlighted
the compositional differences between synthetic dopa
dopa-melanins
melanins (prepared enzymatically
or chemically from L-dopa)
dopa) and natural melanins [3, 5, 6 ]. These striking observations
prompted researchers to investigate the structure of the natural pigments using various
biophysical approaches. The dependence of C. neoformans melanization on exogenous
substrates provides a natural platform to produce biosynt
biosynthetically
hetically labeled melanins,
which are suitable for structural investigation by solid
solid-state
state NMR techniques.

The
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application of high-resolution solid-state NMR techniques and various isotopic labeling
schemes offer the potential to surmount melanin’s investigative challenges and to
develop a comprehensive molecular picture of this complex pigment [5, 6].
Previous solid-state NMR studies by the Stark group have shown that, aside from the
aromatic groups, a major part of the molecular composition of C. neoformans dopamelanin ghosts is aliphatic, including uncyclized methylene groups having a high degree
of flexibility [5, 6 ]. Many structural features such as the C2-C3 bond in L-dopa are
retained when this precursor is incorporated into the biosynthesized pigment [5, 6].
Structural investigation of melanin swelled in solvents showed the presence of various
functional groups, including alkanes, alkenes, alcohols, ketones and carboxylic acid
esters. The metabolic fate of glucose present in the cell growth media was found to
include both polysaccharides and aliphatic chains of the fungal melanin ghosts [6].
Although a preliminary picture of dopa melanin’s molecular architecture has been
obtained from the previous studies, a comprehensive understanding of the pigment’s
molecular framework and synthesis pathway is still undetermined and demands an
extensive investigation.
Melanins produced with a series of catecholamine substrates such as L-dopa, methyldopa, (-)-epinephrine, and (-)-norepinephrine showed considerable differences in terms of
the yield, color of soluble and insoluble products, surface charge, stable free radical
content, antibody binding ability, and other physical characteristics [3]. In the current
study, solid-state NMR techniques were used to investigate the molecular structures of
the pigments produced with these different substrates (methyldopa, (-)-epinephrine,
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norepinephrine, serotonin), comparing the results with structural fingerprints of the
standard L-dopa melanin.

These structural investigations of various catecholamine-

derived melanin ghosts helped to deduce differences in the aromatic ring structures of the
pigments and to analyze the interaction with polysaccharide cell walls and/or membrane
constituents. As exogenous precursors (e.g. L-dopa) are required to generate fungal
melanins, the investigation of the metabolic transformations of the precursor was pursued
by growing the fungal cells in the presence of a group of selectively 13C-enriched L-dopa
precursors and sugar sources including 13C-13C pairs (2,3-13C2-L-dopa), ring-13C6-L-dopa,
and U-13C6-glucose. The use of 13C labeled L-dopa in the synthesis of fungal melanin has
been used to demonstrate the spatial connectivities of key molecular groups in the
resulting pigments.
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1.3. Biosynthesis of Fungal Melanins
The fungal cells were grown in the presence of an obligatory precursor (1 mM) in
chemically defined media (29.4 mM KH2PO4, 10 mM MgSO4, 13 mM glycine, 15 mM
D-glucose and 3 µM thiamine) for two weeks at 30 oC in a rotatory shaker at 150 rpm.
The cell pellets were obtained by centrifugation at 2000 rpm. After washing the isolated
fungal cells once with sorbitol

(1.0 M)/sodium citrate (0.1 M, pH=5.5) solutions, they

were resuspended in a phosphate buffered saline (PBS) buffer solution and incubated
with Novozyme 234 (10mg/mL) for one day at 30 oC to remove cell walls. Afterwards,
the resulting solution was centrifuged at 2000 rpm for ten minutes and the supernatant
was discarded. The solid product (melanized protoplasts) was washed with 20 ml PBS
until the supernatant was relatively clear. A 20 ml aliquot of guanidine thiocyanate (4.0
M) was added and the suspension was incubated for 30 minutes with occasional
vortexing at room temperature. The suspension was centrifuged at 2000 rpm for ten
mins, and the collected cell debris was washed with ~ 20 ml PBS buffer (2-3 times).
Afterwards, the cell debris was subjected to lipid extraction following the Folch method
[31], maintaining the proportions of chloroform, methanol and saline solution in the final
mixture as 8:4:3. The final product was suspended in 20 ml of 6 M HCl and boiled for
one hour to hydrolyze cellular contaminants associated with melanin. The black particles
of interest that survived after HCl treatment were dialyzed against distilled water for ten
days.

The resulting melanin particles, which maintained characteristic elemental

compositions (C:N:O = 29:2:6) [6], were lyophilized for further biophysical analyses.
These procedures were carried out in the Casadevall Lab (Albert Einstein College of
Medicine); S. Chatterjee assisted with the growth and extraction steps.
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In selected experiments, 2-3-13C2 (97%), 4-18OH (95%)-L-dopa or ring- 13C L-dopa was
used as a melanin precursor. Additionally, U-13C-glucose was used as a sugar source in
other experiments. To compare the structural frameworks of various fungal melanins, the
cells were grown in the presence of a range of catecholamine precursors, namely
methyldopa, epinephrine, and norepinephrine, and serotonin. The resulting pigments
were obtained following the abovementioned treatments. In addition, the pigments were
biosynthesized with an equimolar mixture of L-dopa and epinephrine (1:1 mol/mol) to
investigate competition between the incorporation of the two precursors.
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1.4. Introduction to Solid-State Nuclear Magnetic Resonance
(NMR) Experiments
The simplest picture of a NMR experiment can be considered as a measurement of the
frequency of the signals generated by nuclei having nonzero nuclear spin quantum
number, after the molecular system is irradiated with a radiofrequency (RF) pulse in the
presence of a static magnetic field (Bo) [32,33].

The NMR active nuclei exhibit

resonance frequencies, which are basically equivalent to the energy differences between
the excited state and ground state of the nuclei under the influence of the static magnetic
field [32]. The signals produced by the nuclei are reported after Fourier transformation
involving the conversion of the free induction decay (FID, time domain) to its associated
frequency domain [32]. Thus, nuclear magnetic resonance investigates the interaction of
microscopic nuclear magnetic moments (such as 1H,

13

C, or

15

N spins) with a static

magnetic field (B0) and an external radiofrequency field. The value of a resonance
frequency typically depends on the type of nucleus and the local molecular environment
in which the nucleus is situated. A nucleus is surrounded by electrons, which can be
considered as moving electronic charges with associated magnetic fields and thereby
function as a source of magnetic shielding or deshielding for the nucleus [32,33].
Depending on the local distribution of neighboring electrons, the shielding effect causes a
variation of the static magnetic field strength at the nucleus, resulting in a change in the
resonance frequency of the nuclear spins. This variation in the resonance frequency of a
nucleus present in a molecular system is quantified as its chemical shift. Thus, the
chemical shift reveals the differences in the local environments of various NMR active
nuclei, and consequently helps to identify the types of chemical functional groups present
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in the molecular system. For structural studies, NMR signals are usually analyzed in
terms of two characteristics, frequency and intensity. Absolute frequencies are measured
in Hertz (Hz, cycles per second) or MHz. Reporting of the measured signals is simplified
by using the ppm unit, representing transition frequencies of nuclei as a fraction of the
absolute precessional frequency that is dependent in turn on the strength of the applied
magnetic field Bo. The advantage of using ppm is to report the frequency measurement
without referring to the magnetic field strength, and thereby to simplify the comparison
of spectra acquired on different spectrometers [32]. The splitting of the NMR signal of a
nucleus is caused by spin-spin coupling of neighboring nuclei situated in a magnetically
different local environment. The spin-spin coupling takes place via bonding electrons,
and the effect of this coupling process can be selectively removed by a technique called
“decoupling”, which masks the effect of a particular group of nuclei (e.g. 1H) by applying
a specific sequence of RF pulses [32,33].
High resolution solid-state (ss) NMR is a powerful technique to probe the structural and
dynamical properties of macromolecular systems.

Solid-state NMR is capable of

providing a detailed picture of conformational dynamics, chemical state, local nonbonded interactions and structural architecture of complex molecular systems that are not
amenable to other physical techniques such as X-ray crystallography or solution-state
NMR [32-38]. The basic difference in the solid-state NMR methods compared to the
solution-based techniques lies in the absence of spectral simplification due to rapid
Brownian tumbling, which averages out anisotropic interactions present in the latter
molecular systems.

On application of the magnetic field, solid-state samples show

orientation-dependent dipolar couplings of nuclei in functional groups [32-35]. The
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heteronuclear dipolar coupling arises from the interaction between the nuclear magnetic
moments of two different types of nuclear spins. Typically, nuclear spins are designated
as I for “abundant spins” such as 1H, and S for “dilute” spins such as 13C or 15N nuclei.
The extent to which spin I modifies the effective local magnetic field experienced by spin
S under the static magnetic field B0 is governed by the magnitude of the heteronuclear
dipolar coupling, expressed by the Hamiltonian in Eq. 1 [33,35]

[1]

The parameter d is the dipolar coupling constant.

[2]

Here, rIS represents the internuclear distance between two spins I and S, µ 0 = permeability
of free space, γI and γS = gyromagnetic ratios of spins I and S, respectively, and Iz and
Sz= z components of the nuclear spin angular momentum operators I and S, respectively
[32-35].
The magnitude of the heteronuclear dipolar coupling is directly proportional to the
product of the gyromagnetic ratios (γ) of spins. Since the magnetic moment of a nucleus
is proportional to γ, nuclei with greater magnetic moment enhance the dipolar coupling
interactions. Additionally, the heteronuclear dipolar coupling is inversely proportional to
the cube of the internuclear distance between two spins (I and S). Thus, the coupling
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interactions rapidly go down with increasing distances between nuclei. Moreover, the
heteronuclear dipolar coupling interactions between two spins are dependent on their
th
orientation, which contributes an angle dependent term (3cos2θ -1)
1) in the dipolar
Hamiltonian (HIS) [32-35].
35].

Figure 3: θ is the angle between the external magnetic field (Bo) and the
internuclear distance vector.

The dipolar couplings, magnetic through
through-space
space interactions between spins, can cause
spectral splitting, and the strength of the coupling interactions fundamentally depend on
the chemical characteristics
cteristics of the molecular system.
Chemical shift anisotropy (CSA) plays a critical role in the application of ssNMR
techniques [33-34].
34]. The spatial dependence of the nuclear magnetic shielding gives rise
to an observed chemical shift, based on molecula
molecularr orientation with respect to the applied
magnetic field. Magic angle spinning (MAS), which is essentially rotating the solid

15

sample about an axis of approximately 54.74o with respect to the applied magnetic field,
leads to averaging of most anisotropic interactions of nuclei with nuclear spin quantum
number of ½ [33-35]. The rotation at 54.74o makes the angle dependent term (3cos2θ -1)
in Eq.1 go to zero. Thus, MAS improves the resolution of NMR spectra by narrowing
the spectral lines at the isotropic frequency (“chemical shift”) of the molecular groups.
The application of MAS averages the chemical shift anisotropy as well as the distancedependent dipolar interactions that serve as a means to measure the spatial proximity
between nuclear pairs in various functional groups and molecular fragments. With recent
MAS-based techniques, it is possible to restore the dipolar interactions between nuclei,
on a time-averaged basis, by applying appropriate rotor-synchronized radio frequency
pulse sequences [32-35]. These methods can introduce homonuclear or heteronuclear
dipolar interactions during the magic angle spinning, and thereby make it possible to
measure internuclear distances in a functional group and to evaluate spatial correlations
between neighboring atoms. The spinning frequency required for complete averaging of
the dipolar interactions or CSA must be greater than the static linewidth expressed in Hz.
Alternatively, the powder pattern can be broken up into a manifold of well-resolved
sidebands by MAS at a frequency slower than the specific spinning frequency needed to
average all dipolar interactions [32-35].
The cross-polarization (CP) ssNMR technique involves the transfer of magnetization
from one set of spins, typically more abundant nuclei with higher gyromagnetic ratio
such as 1H, to another low abundant spin, e.g. 13C or 15N, thereby enhancing the signal of
the rare spins. The CP technique is an effective a way to obtain NMR spectra of dilute
spins such as

13

C or

15

N in a solid compound, thus avoiding spectral broadening due to
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homonuclear dipolar interactions among protons and overcoming long spin-lattice
spin
relaxation times of 13C or 15N [32-35]. Consequently, the application of the CP method
improves the signal-to-noise
noise ratio of the spectra bby
y yielding more transients in a limited
time during signal averaging. The 1H and

13

C nuclei in a molecular system maintain a

Boltzmann population distribution under the application of a static magnetic field on a
time scale determined by T1 (spin-lattice relaxation) [33]. This population distribution
defines the spin temperature and is markedly different for the less abundant

13

C spins

compared to the 1H due to the difference in their gyromagnetic ratios. At the spin-lock
condition of the magnetization, the spins experience a smaller effective magnetic field
and will re-equilibrate
equilibrate to a new distribution defined by the “rotating frame” spin
temperature,
e, with an effective field of ω1 =γ1B1 [32,33].

Figure 4: The cross-polarization pulse scheme.
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In a CP experiment to detect rare spins (Figure 4), a 90o RF pulse is first applied through
the proton channel to achieve the spin-lock condition of 1H magnetization in the rotating
frame of reference. Afterwards, the RF field on the 13C is turned on and the amplitude of
the magnetic field on 13C is adjusted to fulfill Hartmann-Hahn condition (γIB1H=γsB1C)
[32,33], which ensures that the protons and carbons maintain the same precession
frequency in their respective rotating frames, and thus promotes a transfer of
magnetization from more abundant protons to carbon-13. Consequently, the HartmannHahn method relies on the simultaneous application of two continuous RF fields, one at
the resonance frequency of the 1H spins (I spins), and the other at the resonance
frequency of the

13

C spins (S spins).

As the RF field causes a rotation of the

magnetization about the axis of the applied field, both the I and S spins can be rotated
independently around a specific axis, maintaining rates estimated by the amplitudes of
the two applied RF fields. When the rotation frequencies of the I and S spins are equal,
an energy conserving dipolar contact has been established. Alternatively, the creation of
dipolar contacts between the two spins can be represented pictorially as equal differences
between the excited state and the ground state for the two spins in the doubly rotating
frame, so that the polarization is transferred between the I and S spins. The HartmannHahn condition in CP-MAS NMR exhibits a strong mismatch dependence if the spinning
frequency is on the order of the dipolar couplings in the sample. Since a molecular
system can have different

13

C nuclei in varying local environments with significantly

different molecular motions, it is imperative to meet the Hartmann-Hahn condition for all
13

C nuclei to improve the spectral quality. To fulfill the requirement of exact matching

condition, variable-amplitude CP (VACP) and ramped-amplitude CP (RAMP-CP) have
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proven to be effective in obtaining flat Hartman-Hahn matching profiles at high spinning
speeds [39-40].
To distinguish between protonated and nonprotonated types of carbon, spectral editing
techniques can be implemented by modifying a standard CP pulse sequence.

The

introduction of a time delay (Td) in the proton decoupling prior to acquisition of the
carbon signal, after achieving the spin-lock condition, causes dephasing of singly or
doubly protonated carbons ( -CH- or –CH2) [41] (Figure 5). After this short interruption
(10-60 µs), the decoupling proton field is reapplied to remove the heteronuclear dipolar
interactions during the acquisition of the carbon free induction decay, which then
originates from non-protonated carbons that have not been dephased during the short
interruption. Additionally, highly mobile carbons such as long-chain aliphatic groups
dephase slowly, retaining their signals in the spectral editing process. By consistently
introducing a series of time delays in the proton decoupling period, it is possible to
differentiate the protonated carbons by suppressing their signals compared with the nonprotonated or highly mobile carbons obtained via the standard CP method [41].
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Figure 5:: Pulse scheme of cross
cross-polarization
polarization (CP) with interrupted decoupling.
decoupling

The experimental scheme of interrupted decoupling for the suppression of the signals of
protonated

13

C (S
S spins) follows constant, linear or tangent
tangent-ramped cross-polarization
cross

between 1H and

13

C with decoupling ((Figure 5). In addition, a refocusing pulse (180o

RF), synchronized with two rotor periods (TR), is given to avoid a large
ge first order phase
correction across the spectrum.
Highly mobile carbon groups in a molecular system can also be identified using the direct
polarization MAS technique with the application of varying amounts of
o proton
decoupling power. If the proton decoupling power is high (> 50 kHz) [32,33], both scalar
and dipolar heteronuclear interactions can be removed. Conversely, with the use of low
decoupling
ecoupling power (~5 kHz), the scalar decoupling can be removed without affecting the
dipolar coupling [32,33]. Under these latter conditions, the signals from the rigid carbons
will be broadened, leaving only the mobile carbons in the spectrum.
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High-resolution NMR experimental conditions can be achieved by the combined
application of MAS, RF decoupling schemes and ultrahigh magnetic fields.

Two

dimensional (2D) spectroscopy allows the spectral separation of isotopically enriched and
selectively labeled molecular systems and the detection of coherence transfer between the
individual nuclei. This coherence transfer can be due to isotropic J (through-bond) or
anisotropic dipolar

(through-space) couplings [32-38] (Figure 7). J couplings mainly

elucidate the nature of chemical bonding, and dipolar couplings provide a direct
estimation for internuclear distances.

A required step towards the determination of

molecular structure is the measurement of distances between atoms. In ssNMR, this
distance measurement can be performed by directly transferring magnetization through
the coherent actions of homonuclear and heteronuclear dipolar couplings, as the strength
of dipolar coupling between two nuclei is proportional to the inverse cube of the
internuclear distance. However, the effects of homonuclear or heteronuclear dipolar
coupling are generally removed under magic angle spinning, as the spinning frequency
can be greater than the magnitude of the coupling constant, to achieve higher spectral
resolution [33, 34]. Therefore, the specific couplings must be selectively reintroduced by
applying RF pulses [33, 34]. The spin diffusion measurements have been implemented to
compute spatial correlations of key functional groups in a molecular system. This spindiffusion experimental methodology has been carried out either with passive spin
diffusion (in the absence of proton irradiation), or with proton-driven spin diffusion
(PDSD) and the introduction of recoupling of the 13C nuclei through proton irradiation at
a rotary resonance condition (ω1 = ωr), known as dipolar assisted rotational resonance
(DARR) (Figure 6) [33, 34, 42-44].
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Figure 6: DARR pulse sequence [33].

The DARR experimental scheme starts with a variable amplitude cross
cross-polarization
polarization using
a ramped pulse on the 1H channel. After an evolution time (t1), a 90o pulse is applied to
the 13C channel to place the magnetization along the zz-axis. Afterward, the longitudinal
spin mixing (tmix) takes place with a low
low-power 1H recoupling. During the DARR mixing
period, the 1H RF field is adjusted to the rotational resonance condition, ω1 = ωr, where
ωr is the spinning frequency of 10
10-15 kHz. The TPPM proton decoupling (two pulse
phase modulated decoupling) [33] is applied during evolution and acquisition of the 13C
signal. The DARR technique overcomes the restriction of dipolar truncation [42-44],
[42
thus
providing relatively longer distance information. With longer mixing times (~ 500 ms), it
is possible to achieve
ve an upper distance limit of ~ 6 Å [45-46].
46]. In the 2D experiment, the
traditional NMR spectrum appears on the diagonal and 13C’s pairs that
hat are close in space
are linked by symmetric off
off-diagonal peaks (Figure 7).
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Figure 7: A schematic diagram of basic techniques for the investigation of
istopically labeled biomolecular system in solid-state NMR, involving
1D and 2D NMR spectroscopic tools. [Adapted from Ref.36]

23

1.5. Results and Discussion
1.5.1. Structural Frameworks of Melanin
Melanin synthesized in vitro with a panel of catecholamine substrates such as L-dopa,
methyldopa, epinephrine, and norepinephrine exhibited significant differences with
respect to yield, color of soluble and insoluble products, surface charge, stable free
radical content, antibody binding and other physical features [3]. These characteristic
physiochemical differences between various catecholamine-derived pigments can be
attributed to their structural divergence. Cross-polarization (CP) MAS

13

C spectra of

melanins produced using different catecholamines as precursor showed the structural
fingerprints of the pigments. The 13C spectrum of L-dopa melanin revealed the presence
of open chain aliphatic methylene groups ((CH2)n, 20-40 ppm), oxygenated aliphatic
carbons (CHnO, 60-80 ppm), aromatic and/or olefinic carbons (110-160 ppm) and
carboxyls ( 172 ppm) (Figure 8A). This compositional finding was consistent with the
previously reported studies of C. neoformans L-dopa melanin [5].

In addition, the

CPMAS spectrum (Figure 8B) of the L-dopa substrate is distinctly different from the
pigment, demonstrating the metabolic transformation of the obligatory precursor.
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(B)

Melanin
(A)

Figure 8: CPMAS 13C spectra (150 MHz) of melanin produced with L-dopa
(A) and L-dopa precursor (B). Both 13C spectra were acquired at
15 kHz spinning frequency.
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The aromatic peaks (114 ppm, 120 ppm, 128 ppm, and 145 ppm) of the L-dopa precursor
possibly retained their aromatic characteristics in the polymeric form (Figure 8A),
whereas the two peaks at 38 ppm and 58 ppm (Figure 8B) shifted significantly due to
melanin production. The broader aromatic resonance in the melanin spectrum can be
attributed to the structural heterogeneity and/ or proximity to unpaired electrons. In
addition, the pigment spectrum exhibits new peaks at 25-85 ppm, indicating significant
differences in the structural form of the biopolymer compared with the precursor.
To improve the spectral resolution and dispersion, CPMAS experiments have been
conducted with various temperatures, spinning frequencies, and magnetic field strengths
(Figures 9-12). Using higher magnetic field enhanced the spectral resolution, ruling out
chemical shift heterogeneity as a cause of the broad appearance of the aromatic region of
low-field melanin spectra (Figure 9). Lowering the temperature improved the overall
signal-to-noise ratio of the melanin spectra as expected based on a more favorable
Boltzmann factor, although it disfavored the signal intensity of carbonyl molecular
groups, possibly because of their long spin relaxation times (Figure 10). Enhancing
spinning speed caused a modest improvement in
carboxyl resonances (Figure 11).

13

13

C detection for the aliphatic and

C spectral editing revealed the groups of non-

protonated and highly mobile protonated carbons present in L-dopa melanin, supporting
the involvement of glucose metabolites in melanin formation (Figure 12).
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B

A

Figure 9: CPMAS 13C spectra of methyldopa melanin. The data were acquired
at different magnetic field strengths, 600 MHz (A) and 900 MHz (B),
respectively. The sample was spun at 15 kHz.
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L-dopa melanin.. The data were
Figure 10: 150 MHz 13C CPMAS spectra of L
acquired
ired at different temperatures. The sample was spun at 30 kHz.

28

Figure 11: 150 MHz 13C CPMAS spectra of L
L-dopa melanin.. The spectra were
acquired att two different spinning frequencies and at room
temperature.
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Figure 12: 150 MHz 13C CPMAS spectra of L
L-dopa
dopa melanin. The spectra were
acquired at 8 kHz spinning frequ
frequency. The introduction of a series of
time delays (10 µs- 60 µs) in the proton decoupling (Figure 5) showed the
dephasing
sing of the singly and doubly protonated carbons.

The molecular composition of L
L-dopa
dopa melanin was also used as a basis for structural
comparison between the pigments obtained from various catecholamine substrates.
Figures 13-14 show CPMAS

13

C NMR results for C. neoformans melanins synthesized

in the presence of methyldopa, and epinephrine.
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(B)

Methyldopa melanin (A)

Figure 13: (A) CPMAS 13C spectrum (225 MHz) of melanin produced with
methyl dopa.. (B) CPMAS 13C spectrum (150 MHz) of
methyldopa
dopa precursor
precursor. Both 13C spectra were acquired at 15kHz
spinning frequency
frequency.
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(B)

Epinephrine melanin (A)

Figure 14: (A) 225 MHz 13C CPMAS spectrum of melanin generated from
epinephrine. (B) 150 MHz 13C CPMAS spectrum of epinephrine
precursor. The data were acquired at 15 kHz spinning frequency.
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A comparison of the

13

C spectra of methyldopa (Figure 13B) and epinephrine (Figure

14B) to their respective pigments (Figures 13A & 14A) demonstrates the metabolic
transformation of the precursors into structurally different polymeric forms. In case of
methyldopa precursor, the aromatic ring of the precursor (110-150 ppm) is possibly
converted to a heterogeneous aromatic structure in the pigment, exhibiting a broad
aromatic resonance (Figure 13A). Conversely, the less prominent aromatic resonance in
the biopolymer produced with epinephrine (Figure 14A) suggested a possible loss of
aromatic ring structure of the precursor or severe line broadening during the metabolic
transformation.
The 13C spectrum of methyldopa melanin exhibited considerable similarity to the pigment
generated from L-dopa, particularly in the aromatic region, suggesting a common
pathway for the polymerization of the precursors to form the pigments (Figure 15).
Conversely, both aromatic resonances (110-160 ppm) and the aliphatic regions (20-80
ppm) of the

13

C spectra of the pigments that were produced with norepinephrine and

epinephrine showed different compositional characteristics compared to the spectrum of
L-dopa melanin (Figure 15). Previous biophysical studies showed that the pigments
isolated from C. neoformans cells grown in the presence of epinephrine and
norepinephrine were substantially different from the L-dopa and methyldopa melanins in
terms of the color of soluble and insoluble parts, yield, and paramagnetic activity. Thus,
13

C NMR spectra of the pigments confirmed the structural differences in the

catecholamine-derived fungal melanins and allowed interpretation in terms of differences
for both indole networks and methylene chains of associated membrane constituents.
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1

H= 900 MHz
C= 225 MHz

13

1

H= 600 MHz
C= 150 MHz

13

Figure 15: CPMAS 13C spectra of melanins derived from four catecholamine
precursors. All data were acquired at 15 kHz spinning frequency.
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The cyclization of L-dopa
dopa that leads to indole formation is prop
proposed
osed to occur in C.
neoformans via the Mason
Mason-Raper pathway (Figure 16)) for melanin biosynthesis. The
initial steps of the L--dopa
dopa oxidative cyclization process generate various cyclic
intermediates such as dopachrome, DHI, and 5,6
5,6-indolequinone
indolequinone that finally lead to the
production of the fungal eumelanin
eumelanin.

Figure 16: Mason−Raper
−Raper scheme of melanogenesis. The early step in which
tyrosinase catalyzes the conversion of tyrosine to L-dopa
dopa has been
omitted .[Adapted from Ref.6]
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In light of this proposal, it may be surprising that the 13C spectrum of the fungal pigment
generated from serotonin showed considerable similarity to the L
L-dopa
dopa melanin spectrum
(Figure 17).
). The similarities between the structural fingerprints of the pigments
generated from these two structurally different precursors suggest the possibility of an
alternative pathway for melanin formation that excludes the initial cyclization
cy
steps
proposed for L-dopa.

Figure 17: CPMAS 13C spectra (150 MHz) of melanins derived from serotonin
and L-dopa.
dopa. The data were acquired at 15 kHz spinning frequency.
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Although melanin biosynthesis is thought to involve the oxidative polymerization of Ldopa, the nature of connections to aliphatic moieties associated with the fungal melanin is
not well understood. Previous studies have documented the possibility of covalently
associated fungal cell wall components with the melanin as the pigment is deposited in
the cell wall of C. neoformans [4-6]. The formation of aliphatic groups can be attributed
to metabolic transformations of the glucose present in the chemically defined media in
which the fungal cells were grown in the presence of the obligatory L-dopa precursor.
Yet the association between the pigment and the fungal cell walls may depend on the
particular cellular characteristics, as demonstrated by the use of a different cell line
intended to optimize the yield of pigment biosynthesis. Compared to dopa-melanin
extracted from the original cell line, this latter pigment showed enhanced yields but also
significant differences in the aliphatic region of the 13C spectrum (Figure 18).
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(A)

(B)

Figure 18: 225 MHz CPMAS 13C spectrum of L-dopa melanin recovered from the new
cell line (A). Figure 18B shows the comparison between 150 MHz 13C
spectra of L-dopa melanin extracted from two different cell lines. All data
were acquired at 15 kHz spinning frequency.
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Since the same extraction protocol was followed to recover both pigments grown using
L-dopa as an obligatory precursor, the final products should presumably maintain similar
structural characteristics. Additionally, the exhaustive chemical treatments during the
extraction of the pigment are expected to remove all contaminations or loosely bound
components, leaving only the strongly bonded chemical moieties of the pigment.
Accordingly, the sparsely present oxygenated carbon groups (CHnO, 40-80 ppm) in the
structural fingerprint (Figure 18) suggest variations in the connections of the fungal cell
wall components to the pigment and/or the possibility of a different metabolic
transformation mechanism involved in the melanin biosynthesis.
As noted above, L-dopa has been shown to be an obligatory precursor of C. neoformans
fungal melanin. Conversely, the pigment produced with epinephrine exhibited notable
differences in the aromatic region compared to the dopa melanin. To investigate the
competition and preferential uptake involving these two substrates, fungal melanin was
synthesized with an equimolar mixture of L-dopa and epinephrine (1:1 mol/mol) and U13

C-glucose. The

13

C NMR spectrum (Figure 19) of the pigment generated from the

mixture of these two precursors exhibited a strong resemblance to the dopa melanin
produced with

13

C glucose [6]; the spectrum is dominated by

13

C-glucose-derived

resonances as expected. Considering the similarities in aliphatic region of the pigments, it
can be suggested that fungal cell wall components that were derived from

13

C enriched

glucose remained attached to the pigment generated from the equimolar mixture of Ldopa and epinephrine. This result suggested preferential incorporation of L-dopa into the
final polymeric framework of the pigment. Using the spectral editing technique with the
introduction of a time delay in proton decoupling, the singly or doubly protonated carbon
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moieties in the polymeric structure were identif
identified in the

13

C spectrum (Figure
(
20),

which shows the gradual dephasing of the protonated carbon signals in the aliphatic
region (50 -90 ppm).

Figure 19: 150 MHz 13C CPMAS spectrum of melanin generated from a
mixture of L
L-dopa and epinephrine (1:1 mol/mol) and UU 13C-glucose.
The spectrum was acquired at 15 kHz spinning frequency.
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Figure 20: 150 MHz 13C CPMAS spectra of melanin generated
ed from a mixture of
L-dopa
dopa and epinephrine (1:1 mol/mol) and U
U-13C-glucose.
glucose. The spectra
were acquired at 8 kHz spinning frequency. The application of a series
of time delay
delays (10 µs- 60 µs) in the proton decoupling showed
owed the
dephasing of the singly or doubly protonated carbons.
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1.5.2. Investigating melanin structure using isotopically labeled precursors
As C. neoformans requires exogenous precursors to produce melanin, it is possible to
select different isotopic labeling schemes to unravel the molecular structure of the
pigment derived from L-dopa. The fungal melanin synthesized using ring-13C- L-dopa as
a requisite precursor showed a prominent aromatic region in the CPMAS

13

C spectrum

(Figure 21), describing the major aromatic constituents of the pigment. The broad
appearance of the aromatic spectral region can be attributed to free radical content,
chemical heterogeneity and unresolved 13C-13C couplings. In addition, the spectrum does
not exhibit carboxyl resonances (172 ppm), indicating the absence of carbonyl (C=O)
functional groups associated with the aromatic structure. This observation suggests the
absence of a quinone type of structure (Figure 16) in the final polymeric form of the
pigment.

Delayed decoupling experiments demonstrated gradual suppression of the

aromatic peak at 110 ppm with a considerable decrease in the overall intensity of the CP
13

C spectrum (Figure 22), indicating a heterogeneously protonated structural form of the

aromatic groups in the biopolymer.
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Figure 21: CPMAS 13C (188 MHz) NMR spectra of melanin produced with ring
13
C -L-dopa
opa and 12C-glucose. The spectra were acquired at 10 kHz
spinning frequency and room temperature.
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Figure 22: CPMAS 13C (188 MHz) NMR spectra of melanin produced with ring 13C
-L-dopa
opa and 12C-glucose.
glucose. The spectra were acquired at 10 kHz spinning
frequency and at room temperature. The introduction of a series of time
delays(10 µs- 40 µs) in the proton decoupling showed
owed the dephasing of the
protonated carbons.
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The CPMAS

13

C spectrum of the pigment produced with ring-13C- L-dopa and U-13C-

glucose exhibits the incorporation of

13

C groups into the molecular sites of the

biopolymer from the precursors ((Figure 23). With introduction of a series of time delay
in the proton decoupling during the aacquisition of 13C signals in the CPMAS experiment
(Figure 24),
), the protonated carbon groups became dephased, showing only the NMR
signals from highly mobile long chain methylene groups (20
(20-40
40 ppm), carbonyl /carboxyl
groups (172 ppm) and selected aromatic sites (110-160
160 ppm) of the pigment.

Figure 23: CPMAS 13C (188 MHz) NMR spectra of melanin produced with
ring 13C -L-d
dopa and U-13C-glucose.
glucose. The spectra were acquired at 10
kHz spinning frequency and room temperature
temperature.
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Figure 24: CPMAS 13C (188 MHz) NMR spectra of melanin produced with
ring 13C -L-d
dopa and U-13C-glucose.
glucose. The spectra were acquired at 10 kHz
spinning frequency and at room temperature. The introduction of a series
of time delayss (10 µs- 40 µs) in the proton decoupling showed
owed the
dephasing of the singly and doubly protonated carbons.
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As the formation of indole structures via oxidative cyclization of L-dopa is imperative to
produce melanin, 2,3-13C2-L-dopa was used to monitor the production pathways of C.
neoformans melanin [6].
incorporation of

13

Previous NMR spectroscopic studies confirmed the

C enriched sites of the precursor into the molecular structure of the

pigment [6]. In addition, the Mason-Raper scheme suggested the formation of cyclic
intermediates that ultimately lead to melanin production (Figure 16), and the process of
cyclization requires the C-2 and C-3 carbons of L-dopa (Figure 8B) to be incorporated
into the aromatic structure of the intermediates (carbons marked with asterisks in
Figure 16). Previous structural studies with melanin derived from natural abundance
L-dopa and

13

C enriched glucose highlighted the incorporation of glucose derived

functional moieties such as long chain aliphatic groups, polysaccharides and carbonyls
into the polymeric structure of the pigment [6]. The CPMAS 13C spectra (Figure 25) of
the fungal melanin synthesized from 2,3-13C2-L-dopa and U-13C-glucose exhibited the
characteristic distribution of the key functional groups originated from the isotopically
enriched precursors. The broad aromatic resonance in the pigment (Figure 25) suggested
the incorporation of isotopically enriched C-2 and C-3 carbon pairs of L-dopa into the
aromatic structure of the pigment, corroborating the results mentioned in Ref. 6. The
broad aromatic region of the spectrum (Figure 25) can be attributed to the heterogeneous
nature of the aromatic component of the pigment as well as the presence of free radical
content.

The interrupted decoupling experiment also revealed the characteristic

protonated carbon groups, showing the presence of oxygenated carbon moieties in the
biopolymeric structure (Figure 26). With incorporation of 13C-enriched substrate into the
fungal melanin, an investigation of the spatial proximities of key molecular groups in the
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pigment and cell wall becomes possible by designing two
two-dimensional
dimensional (2D)

13

C-13C

correlation experiments.

Figure 25: CPMAS 13C (225 MHz) NMR spectrum of melanin produced with
2,3-13C2-L-dopa
dopa and U
U-13C-glucose.. The sample was spun at 15 kHz.
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Figure 26: CPMAS 13C (188 MHz) NMR spectra of melanin produced with 2,3-13C2L-dopa
dopa and U
U-13C-glucose.. The spectra were acquired at 10 kHz spinning
frequency and at room temperature. The introduction of a series of time
delays (10 µs-- 40 µs) in the proton decoupling showed
d the dephasing of
the singly and doubly protonated carbons.
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1.5.3. Exploring the possibility of proximity between fungal cell wall
components and melanins
2D solid-state 13C-13C correlation studies have been carried out to investigate the spatial
organization of key molecular groups of the pigment. Previous structural investigations
of solvent-swelled melanin proposed covalent linking between the cell wall components
and the melanin [6].

13

C homonuclear correlation studies based on spin–diffusion

measurements are a unique means to shed light on the through-space distance constraints
on an isotopically labeled macromolecular system [32-34, 42-44].

The 2D dipolar

assisted rotational resonance (DARR) technique relies on the through-space homonuclear
dipolar coupling via proton irradiation by radiofrequency pulses and the through-space
correlations of molecular groups are represented by relative positions of the cross peaks
[42-44]. Accordingly, the cross peak intensities and their buildup rates with increasing
mixing times show the spatial proximities between molecular sites in a polymeric system
[34, 45, 46 ].
To investigate spatial connectivities between the molecular sites that originated via the
metabolic transformation of glucose, 2D 13C-13C correlation investigation was carried out
with the melanin generated from an equimolar mixture of L-dopa and epinephrine and
uniformly 13C-labeled glucose. Figure 27 shows the 2D 13C-13C spectra of the pigment,
which revealed the relative spatial positions of the glucose-derived molecular groups in
the pigment. With an increase of the longitudinal DARR mixing time from 50 ms to 500
ms, the relative growth of the cross peaks showed the through-space connectivities
between the moieties that were derived of the sugar source during the melanin
biosynthesis.
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With increasing DARR mixing time, the carbohydrate-alkyl chain crosspeaks at (74, 22 ),
(82,22), and (104,22) grew in progressively.

Similarly the cross peaks between

polysaccharides and carboxyls at (172, 104) built up with longer DARR mixing time.
Accordingly,

13

C-enriched glucose cross peaks were established for investigating the

spatial contacts among the inter components in the pigment. From these results, it can be
suggested that the 13C glucose-derived moieties present in the pigment were within a 7 Å
through-space distance.
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Figure
27A

Figure
27B

52

Figure
27C

Figure 27: 2D 13C-13C chemical shift correlation spectra of melanin generated
from an equimolar mixture of L
L-dopa
dopa and epinephrine and uniformly
13
C labeled glucose at 600 MHz with three DARR mixing times, 50 ms
(A), 250 ms (B)
(B), and 500 ms (C). Circles designate cross peaks that
t
grow in at longer mixing times.
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To probe the distance constraints between the aromatic structures and the cell-wall
components of the pigment, a comparative analysis of the through-space

13

C -13C

correlations was performed for two selectively labeled melanins: a pigment generated
from ring-13C-L-dopa and

12

C-glucose, and another pigment derived from ring-13C-L-

dopa and U-13C-glucose.
The 2D

13

C spin diffusion measurement with 500 ms DARR mixing time revealed the

through-space interconnections between carbon moieties generated from metabolic
changes of the

13

C-enriched sugar source and the

13

C-labeled aromatic ring of the

obligatory precursor which was transformed into the pigment (Figure 28A).
analogous

An

13

C-13C measurement exhibited only the spatial contacts of the aromatic

components generated form the ring-13C-L-dopa precursor and U- 12C-glucose as a sugar
source (Figure 28B).
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A

B

Figure 28: (A) 2D 13C--13C chemical shift correlation spectrum of melanin
produced with ring
ring-13C-L-dopa and U-13C-glucose
glucose at 750 MHz with
500 ms DARR mixing time. (B) 2D 13C-13C chemical shift correlation
spectrum of melanin produced with ring-13C-L-dopa
dopa and 12C-glucose
at 750 MHz with 500 ms DARR mixing time. Both spectra were
acquired at 15 kHz spinning frequency and room temperature.
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A comparison off these two solid
solid-state

13

C-13C chemical shift correlation studies and

consideration of cross peaks derived solely from glucose ((Figure 27) revealed the cross
peaks between the aromatic components and the aliphatic moieties of the pigment,
supporting the close
lose association of the aliphatic components of the cell walls or
membranes with the principal aromatic structure of the pigment ((Figure
Figure 29).
29

Figure 29:: Superimposed 2D 13C-13C chemical shift correlation spectra of melanins
produced with ring
ring-13C-L-dopa and 13C-glucose
glucose (red), and ringring 13C-L-dopa
12
and C-glucose
glucose (blue). All spectra were obtained at 750 MHz with 500 ms
DARR mixing time.
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For the pigment generated from the 2,3-13C2-L-dopa substrate with
source, the 2D solid-state

13

C enriched sugar

13

C-13C chemical shift correlation experiments (Figure 30)

with three different DARR mixing times (50 ms, 250 ms and 500 ms) exhibited the
growth of cross peaks at (172, 123 ppm), supporting

spatial contacts between the

aromatic sites and carboxyl groups. The carboxyl groups were produced primarily from
the 13C enriched glucose, shown in the 1D (Figure 19) and 2D (Figure 27) 13C spectra of
the melanin produced with a mixture of natural abundance L-dopa and epinephrine and
U-13C glucose which was the only source of
Accordingly, 2D

13

13

C isotopic-enrichment in the preparation.

C-13C spin diffusion measurements with the melanin obtained from

2,3-13C2-L-dopa substrate with U-13C-enriched sugar source confirmed the spatial
connections between the aromatic sites and the sugar-derived components of the melanin
ghosts. Together, these DARR results indicate proximities of six-membered ring with
aliphatic chain moieties and of five-membered ring with carbonyl groups.
A series of similar experimental measurements (Figure 31) for the melanin produced
with 2,3-13C2-L-dopa and U-13C -glucose at higher magnetic field corroborated the results
obtained at lower field, establishing the presence of spatial contacts between the aromatic
sites of the pigment with the glucose-derived components.
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Figure
30A

Figure
30B
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Figure
30C

Figure 30: 2D 13C-13C chemical shift correlation spectra of melanin generated from 2,32,3
13
C2-L-dopa
dopa and uniformly 13C labeled glucose at 600 MHz with three DARR
mixing times, 50 ms (A), 250 ms (B), and 500 ms (C). The data were acquired
acqui
at room temperature and 15 k
kHz spinning frequency.
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A

B

Figure 31:2D 13C-13C chemical shift correlation sp
spectra
ectra of melanin generated from
2,3-13C2-Ldopa
Ldopa and uniformly 13C labeled glucose at 750 MHz with two
DARR mixing times, 250 ms (A), and 500 ms (B).
). The spectra were
acquired
red at room temperature and 15 k
kHz
Hz spinning frequency.
frequency
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As a sugar source, glucose can be metabolized through various enzymatic pathways to
form numerous

13

structures [6].

An alternative possibility is the incorporation of intact

C -labeled products incorporated into cell walls and/or lipid-like
13

C-enriched

glucose as a major constituent the fungal cell wall and/or the source of aliphatic
constituents associated with the pigment.

Considering the extensive enzymatic and

chemical treatments utilized to extract the melanin particles from the fungal cells, the
presence of sugar-derived aliphatic moieties supports the possibility that the indole-based
pigment is covalently associated with the fungal cell wall. Results of 2D solid-state 13C13

C chemical shift exchange studies (Figures 27-31) demonstrated through-space

contacts between the key aromatic constituents of the pigment and various sugar-derived
13

C-groups in the pigment. The protonated aromatic moieties, which are derived from the

six-carbon aromatic ring of L-dopa, are spatially close to the long-chain aliphatic groups
derived from sugars. The five-carbon ring in the indole-based structural units of the
pigment, which is generated by the cyclization of L-dopa, maintains the through-space
connectivities to the carbonyl or carboxylate groups of glucose-derived moieties.
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1.5.4. Synthesis of 15N-labeled L-dopa precursor
A comprehensive molecular picture of the indole-based pigment can be achieved by
investigating

15

N-enriched melanin along with studies that have been pursued with

labeled pigments. Accordingly, it is imperative to synthesize

15

13

C-

N-labeled L-dopa to

proceed with this investigative goal, as an isotopically enriched melanin can be recovered
when C. neoformans cells are grown in the presence a labeled obligatory precursor. An
enzyme-based oxidation method [47-48] was used to synthesize 15N-labeled L-dopa from
15

NH2-L-tyrosine as a starting substrate.

Tyrosinase, a copper containing enzyme,

catalyses the oxidation of L-tyrosine to produce orthodiphenol [47-48]. Tyrosinase was
immobilized on chitosan flakes used as a support and glutaraldehyde was used as a crosslinking agent.

Afterwards, the immobilized enzyme was used to accomplish the

oxidative conversion of

15

NH2-L-tyrosine to

15

N-labeled L-dopa. L-ascorbate was used

simultaneously to inhibit further oxidation to dopachrome, yielding only L-dopa as a final
product [47-48].

UV-Vis optical absorption and HPLC techniques were used for

preliminary characterization of the final product. This tyrosinase-based oxidation method
has been developed as an efficient and cost-effective alternative to chemical synthesis of
15

N-labeled L-dopa. The production of melanin was tested by growing fungal cells in the

presence of the synthesized L-dopa; spectroscopic studies are ongoing.
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Figure 32: A schematic diagram showing L
L-dopa
dopa synthesis.
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1.6. Conclusions
Solid-state NMR methods offer a unique means for the structural investigation of a
biologically important but intractable polymer, melanin, which is associated with fungal
virulence and drug resistance.

In light of melanin’s amorphous and heterogeneous

physical characteristics, the application of high magnetic field has proven to be
particularly effective in unraveling structural characteristics of this enigmatic polymer.
In addition, the requirement of exogenous obligatory precursors for the biosynthesis of
Cryptococcus neoformans melanins provided unique opportunities for probing melanin
structure and assembly in the fungal cell wall. Varying experimental conditions such as
spinning speeds, temperatures, magnetic field strengths, 1D and 2D 13C MAS NMR and
specific isotopic labeling schemes together provided a powerful protocol to obtain
structural fingerprints of the pigments.

Fungal melanins generated from different

precursors exhibited distinctive aromatic structural features, including surprising aliphatic
moieties. The use of

13

C-enriched precursors revealed metabolic transformations and

possible cross-linked molecular architectures of the pigments.

The investigation of

melanin biosynthesized with a 1:1 (mol/mol) L-dopa-epinephrine mixture and U-13C6glucose as a sugar source highlighted the relative competition of exogenous precursors
involved in pigment production.

13

C spectral editing revealed the groups of non-

protonated and highly mobile protonated carbons present in L-dopa melanin, also
supporting the involvement of glucose metabolites in melanin formation. 2D solid-state
13

C–13C correlation (dipolar assisted rotational resonance) measurements revealed

proximities between key molecular groups of the melanins produced with 2,3-13C2-Ldopa, ring-13C-L-dopa, and U-13C6-glucose precursors and supported plausible covalent
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bonding of fungal cell wall components to melanin. In summary, 1D and 2D NMR
results provided essential clues to unravel the mystery of melanin structure and shed light
on the overall metabolic pathways leading to fungal melanin formation, laying the
groundwork for therapeutically useful modifications of this process.
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2.1. Introduction
Fluorescence spectroscopic measurements can give a plethora of information on a variety
of molecular processes such as conformational changes of biomolecules, rotational
diffusion and binding phenomena, solvent interactions, and distance between binding
sites on a macromolecular system [1, 2, 3]. Progress in fluorescence technology is
immensely beneficial for the development of cellular imaging [4, 5] and single-molecule
detection [6, 7, 8]. Time-resolved fluorescence analysis reveals molecular information,
which is usually lost during the time-averaging process [3, 9]. Thus, time-resolved
experiments provide the information on molecular shape and conformations of the donor
molecules and the local distribution of the acceptor molecules around the donors [3, 9,
10]. The present study dealt with the structural investigation of Y-shaped and doublestranded DNA using time-resolved fluorescence spectroscopy.

An energy transfer

mechanism involving gold nanoparticles as an acceptor was investigated to overcome the
distance limitation of conventional fluorescence resonance measurements. Additionally,
the plausible use of quantum dots as a fluorescence donor in the diffusion-controlled
resonance energy transfer process was demonstrated with time-dependent fluorescence
measurements.
Fluorescence resonance energy transfer (FRET) is a nonradiative energy transfer process
between an excited donor and a ground state acceptor residing in the proximity of the
donor molecule [1, 3, 10]. The rate of the energy transfer process, which originates from
through-space long-range dipole-dipole interactions, is governed by several factors such
as the extent of spectral overlap, the relative orientation of the transition dipoles, and the
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distance between the donor and the acceptor molecules [1]. The efficiency of the energy
transfer can be estimated from either steady
steady-state or time-dependent
dependent measurements of the
luminescence propertiess of the donor molecule. Steady
Steady-state
state measurements describe the
change in fluorescence intensity of the donor in the presence of the acceptor.
acceptor Similarly,
time-resolved
resolved studies deal with the change in the fluorescence lifetime of the donor in the
presence of the acceptor [3]
[3]. Fluorescence lifetime, an average value of the time spent by
a fluorophore in the excited state prior to relax
relaxing back to its ground state, determines the
available time for a fluorophore to interact with or diffuse in its environment
environmen [1, 3, 10 ].

Figure 33:: A donor
donor-acceptor
acceptor pair is separated by the distance d,
and the arrows designated as DE and DA represent
transition dipoles of donor and acceptor, respectively.
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FRET efficiency (E) can be expressed in terms of the fraction of energy transferred from
the excited donor to the acceptor through the nonradiative energy transfer process (kET)
( Eq.3) [11].

E=

k ET
k f +k ET + ∑ k i

[3]

i

In Eq.3, kET represents the rate of non-radiative energy transfer, whereas kf is the rate of
radiative decay of the emitter , and the rate constants ki designate any other possible
deactivation pathways of the donor [11].
The energy transfer rate (kET) is dependent on the lifetime of the donor (τD) in the absence
of an acceptor, and the distance (d) between the donor and acceptor (Eq. 4) [1, 3, 11 ].

6
1  d0 
kET (d) =  
τD  d 

[4]
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The FRET efficiency (E) is inversely proportional to the 6th power of the distance (d)
between the donor and acceptor, since the energy transfer process is governed by
through-space transition dipole-dipole interaction (Eq.5) [1,12].

E=

1
d 
1 +  
 d0 

6

[5]

The physical distance (d) between a donor-acceptor pair involved in the FRET process
can be evaluated in terms of the Förster distance (do), which is the distance corresponding
to the 50% level of nonradiative energy transfer between a specific donor-acceptor pair.
Whereas 50% of the excited donor molecules in the ensemble decay at d0 through
nonradiative energy transfer to the acceptor molecules, the other half use various
radiative or nonradiative channels to decay to their ground state.
For practical purposes, the FRET process between a specific pair of donor and acceptor
can be used to determine a distance range d0 ± 0.5 d0 [1]. The characteristic Förster
distance (d0) is dependent on the refractive index (n) of the medium, the quantum yield of
the donor in the absence of the acceptor, and the overlap integral related to the degree of
spectral overlap between the donor emission and the acceptor absorption. Thus, the
Förster distance, d0 (in Å), of a pair of donor and acceptor can be estimated from the
spectral properties of the donor-acceptor system (Eq. 6&7) [1-3].
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d0 = 9.78 ×10 [κ n ΦD J( λ)]
3

J( λ) =

∫

∞
0

2

−4

1/ 6

FD ( λ )εA (λ )λ4 dλ

[6]

[7]

The integral J (λ) designates the spectral overlap between the normalized emission of the
donor FD, and the absorption of the acceptor, εA, at the range of emission wavelengths (λ)
of the donor (Eq. 7) [1, 9-11].
In Eq.6, ΦD denotes the quantum yield of the donor in the absence of the acceptor, n is
the refractive index of the medium, which is typically assumed to be 1.4 for biomolecules
in aqueous medium, and κ2 describes the relative orientation of the transition dipoles of
the donor and the acceptor [1,10]. The value of the transition dipole orientation factor
can vary from 0 (perpendicular) to 4 (collinear or parallel).

In general, κ2 is

approximated to be 2/3 for biological systems, based on various experimental analyses of
mobility and dynamics of the linker of the donor and acceptor in a solution phase [1,10].
The Förster approximation assumes that the diffusion length of the donor-acceptor pair is
small compared with the critical transfer distance (Förster distance), owing to high
solvent viscosity. Thus, molecules remain stationary while the energy transfer process
occurs, and an average value for orientation factor can be assumed due to rapid Brownian
rotation [3].
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The efficiency of the FRET process can be determined from steady-state (Eq.8) or timeresolved (Eq.9) measurements [1-12].



E = 1 − I DA 

I D 




E = 1 − τ DA 


 τD 

[8]

[9]

I denotes the relative donor fluorescence intensity in the absence ( ID) and presence (IDA)
of the acceptor, and τ represents the fluorescence lifetime of the donor in the absence
(τD) and presence (τDA) of the acceptor.
An investigation of the energy transfer dynamics by measuring the lifetime of the
fluorophore can offer insight into the donor-acceptor separation and the influence of the
environment in which the donor and acceptor are situated. The time correlated single
photon counting (TCSPC) technique involves an excitation of the fluorophore by a
continuous and periodic train of short light pulses and measurement of the arrival time of
single fluorescence photons (signal) with respect to the time of last excitation pulse
[3,14].

TCSPC relies on the principle that the probability distribution for a single

fluorescence photon is equivalent to the actual intensity-versus-time distribution for all
photons emitted [3,14-17]. Hence, a histogram of arrival time of the emitted photons is
built up after a repeated evaluation of this single photon’s counting for a sufficiently large
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number of times.

TCSPC is capable of measuring decay dynamics at very low

concentrations [14-17].

However, the temporal resolution of TCSPC is typically

restricted to ~ 60 ps [3]. A single or multi-exponential mathematical model is used to
analyze the emission dynamics and to extract lifetime values from the decay profile. In
the multi-exponential model, the intensity is anticipated to follow a decay model that is
the sum of individual single exponential decays (Eq.10) [3,14-17].

n

F (t ) = ∑ α i exp(−t / τ i )

[10]

i =1

In this expression (Eq.10), the τi denote the decay times, αi are the amplitudes of the
components at t =0, and n is equal to the number of decay times. In some cases, the
fluorophores under investigation experience differences in their local environment and
the emission dynamics cannot be related to a limited number of discrete decay times.
The decay profile can be expressed more realistically in terms of a distribution of decay
times according to an assumed distribution function.
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The total decay law can be presented as the sum of the individual decays weighted by the
amplitudes, where ∫α (τ) dτ =1.0 [3],
∞

F(t) =

∫ α (τ )exp(−t / τ )dτ

[11]

τ=0

Typically, a Gaussian or Lorentzian lifetime distribution is used for the α (τ) distribution.
The deduction of kinetic parameters from a decay profile in a time-dependent
measurement requires the use of a reconvolution method, incorporating the response of
instrument for excitation optical pulses (prompt) [3,14].

In principle, the prompt

approximates a δ-function in comparison to the decay profile. Instrumental factors such
as timing jitters introduced by the detector, electronic delays and optical components of
an instrument, can cause a broadening of the pulse width. These instrumental responses
can cause deviation from the δ-function approximation in the present setup where a 50 ps
wide optical pulse is used to measure fluorescence lifetimes on the nanosecond timescale. Accordingly, the decay model, i(t), is required to be reconvoluted with the prompt
(P(t)) before comparing the decay model with the measured decay (F(t)). Symbolically
this reconvolution process can be expressed as Eq.12 [3, 14].

F (t ) = i (t ) ⊗ P(t )

[12]

The iterative least squares reconvolution method is used for computing the convolution
integral using assumed fit parameters to obtain the fitted decay function F′(t). Afterward,
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the computed F′(t) is compared with the decay F (t) to assess the “goodness of fit”,
quantified by the parameter χ2 (Eq.13). Thus, F′(t) is consistently recalculated using a
range of parameters until the best possible agreement between the values of F′(t) and F(t)
can be reached with the minimization of χ2 .

 Actual deviation 
χ2 = ∑

data  Expected deviation 
 F (i ) − F ' (i ) 
χ = ∑

σ (i )
N 


2

[13]

2

2

= ∑ [W (i )]

[14]

2

N

where σ (i) is the standard deviation of the ith data point and W(i) is the weighted
residual. A perfect agreement between the data and the anticipated model with a specific
set of fit parameters is found when the normalized χ2 value (χ2R ) is close to 1; a value
less than 1.2 is generally considered to be acceptable [3].
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χ

2
R

=
=

χ

2

N−p

χ

[15]

2

ν

In Eq.15, N is the dimension of the data set, p is the number of fitted parameters (floating
parameters, and the denominator ν represents the number of degrees of freedom of the
fit. For TCSPC the number of data points (N) is generally larger than the number of
parameters, therefore (N-p) is approximately equal to N. Considering only random errors
contributing to χ2R, this value is expected to be close to unity [3]. Additionally, a good
fitting model can be assessed by inspecting visually the distribution of weighted
residuals, which are expected to be a plateau and randomly distributed about zero for a
perfect fit of the model to the decay profile [3, 14-17].
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2.2. Investigating the energy transfer mechanism between a DNA
conjugated organic donor and gold nanoparticle by timeresolved spectroscopy.
An investigation of molecular interactions and conformational changes of biomolecules
such as proteins and nucleic acids is imperative to understand their structural and
functional properties [1-3,9,10]. For instance, the conformational dynamics of DNA
(Deoxyribonucleic acid) play a significant role in regulating cellular functions as well as
modulating the sensitivity and selectivity of DNA-based sensors, promising diagnostic
devices to decipher the genetic basis of diseases [18]. Förster resonance energy transfer
(FRET), a fluorescence-based “spectroscopic ruler” technique [1], involves the nonradiative energy transfer between a pair of organic donor and acceptor molecules and is
an attractive optical method to probe distance-dependent structural properties of a
molecular system [1-3].

However, the application of FRET to study large

macromolecules is restricted due to an upper distance limit of ~ 10 nm [1, 19]. Recently,
the use of metallic nanoparticles as an acceptor in the energy transfer process has been
claimed to surmount the distance-barrier of the conventional FRET method, offering a
promising alternative to investigate conformational changes of macromolecules [20-22].
Although the resonance energy transfer (RET) between the donor fluorophore and the
acceptor nanoparticle takes place at a longer distance, no standard rule for its distancedependence has been established [23-25].
The conventional FRET process is based primarily on the rate of the nonradiative energy
transfer between donor and acceptor molecules, appropriately tagged with a biomolecule
of interest [1-3].

Owing to excitation, energy emitted from the donor molecule is
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absorbed by the acceptor through distance-dependent dipolar coupling. The selection of
a specific donor-acceptor system in the FRET is fundamentally dependent on the overlap
of the emission band of the donor fluorophore with the excitation band of the acceptor
molecule. The energy transfer process is controlled by the spatial proximity of the donor
and acceptor.

Any perturbation in the conformation of the biomolecule causes an

alteration in the distance between the donor and acceptor, and consequently influences
the energy transfer process.

Thus, FRET can be utilized to elucidate dynamic

conformational changes of biomolecules in microscopic detail [1-3, 7,9].

As FRET is

regulated by the electromagnetic coupling of two dipoles involved in the conventional
organic donor–acceptor system, the application of FRET to study large macromolecules
suffers from the spatial limitation of 10 nm [19-20]. Metal nanoparticles have been used
as a promising acceptor to overcome this distance barrier of the FRET measurement
because of their unique size-dependent optical properties [18].

The application of

nanoparticles as acceptors in the FRET method has significantly improved the quantum
efficiency of the energy transfer process to probe a comparatively larger conformational
change of a macromolecule, which, until now, has been out of reach of the conventional
FRET technique involving an organic acceptor molecule [19-20]. The primary reason for
the enhanced sensitivity of the energy transfer process is attributed to the electromagnetic
interaction between the dipole of the donor fluorophore and the surface electrons of the
metal nanostructure [19-20], which can take place at a longer distance compared to
dipole-dipole coupling. Since the electronic distribution of a metallic nanoparticle is
influenced by its size and shape, a suitably controlled nanoparticle can modulate the
energy transfer process when it is placed in the vicinity of the donor molecule [19-20]. In
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addition, the orientation of the electronic dipole of the donor with respect to the distance
vector between the donor and nanoparticle leads to an alteration in the efficiency of the
energy transfer process. Recent theoretical studies claimed that the distance-dependence
of the resonance energy transfer (RET) involving the metal nanoparticle and organic
donor fluorophore could vary depending on the conditions of the energy transfer process
[25]. The ratio of the size of the nanoparticle and the distance vector between the donor
and acceptor plays a crucial role in the energy transfer mechanism [25]. In addition,
biosensing tools involving nanomaterials (e.g. quantum dots) conjugated with
biomolecules are essentially based on the efficiency of the energy transfer process
between acceptor and donor nanostructures [1, 21].
Time-resolved spectroscopic studies offer a unique approach to unravel the mechanistic
details of the resonance energy transfer process involving a metal nanoparticle as an
acceptor under both in vitro and in vivo experimental conditions [1, 3, 12-14]. In the
present study, we investigated the distance–dependent mechanism of the resonance
energy transfer process between fluorescein (donor) and gold nanoparticle (acceptor),
both attached to DNA, using time-resolved spectroscopic method.

The quenching

efficiency of the gold nanoparticle as a function of distance between the donor and
acceptor was determined by the time-resolved lifetime analyses of the donor molecule. A
comparative analysis between RET and conventional FRET methods was performed to
validate the enhanced efficiency of the RET mechanism involving a gold nanoparticle as
the acceptor.
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2.2.1. Experimental Method
The time-resolved fluorescence measurements were carried out using a time correlated
single photon counting (TCSPC) system (Horiba Jobin-Yvon) at room temperature. A 50
ps diode laser operating at 1 MHz repetition rate and 467 nm emission wavelength was
used as the excitation source. The time-resolved data analysis was performed with DAS6
software based on a deconvolution technique using the iterative nonlinear least squares
method. The steady-state fluorescence spectra were acquired using a spectrometer with a
Xenon lamp as an excitation source at 367 nm.

FAM modified (5'-C6- FAM)

oligostrands were purchased from IDT DNA Technologies. 6-FAM (Fluorescein), which
is a single-isomer derivative of fluorescein, is generally used in the pH range 7.5-8.5 as a
fluorescent label and can be attached to the oligonucleotide. Commercially obtained gold
nanoparticles (1.4 nm diameter) from Nanoprobes Inc. were attached to the
complementary thiol labeled (HS-C3) DNA strands. The resultant gold nanoparticle–dye
conjugated double stranded (ds) DNA were prepared and purified following the
experimental method reported in Ref. 26.

(DNA samples used in this study were

prepared by Prof. Dan Luo’s group at Cornell University). For all steady state and timeresolved fluorescence measurements, 60 nM DNA solutions were prepared using TE
buffer (Sigma Cat# 93302), maintaining the pH of the solution at 7.5.
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2.2.2. Results and Discussion
The steady-state emission measurement of FAM attached to DNA showed a
characteristic emission maximum at 518 nm with a full width at half maximum of ~ 30
nm (Figure 34). The time-resolved photo luminescence (PL) lifetime measurement of
the FAM-DNA system at the emission maximum showed a single exponential decay with
an average lifetime of 4.18 ns (± 0.02 ns) (Figure 34). These results confirmed that
FAM remained as a stable monomer in the solution at the pH 7.5 [11], without forming a
dimer or higher aggregate at the experimental conditions discussed herein.

84

A

B

Figure 34: Steady-state PL spectrum of FAM conjugated with DNA showing the
emission maximum at 518 nm (A). Time-resolved emission dynamics of
FAM exhibiting a single exponential decay with lifetime of 4.18 ns (B).
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Time-resolved fluorescence measurements were performed to investigate a distancedependent quenching process between the donor FAM and the acceptor gold
nanoparticles, separated by double stranded DNA with an increasing number of base
pairs. Since the persistence length of double stranded DNA is about 50 nm ( ~ 150 bp)
[27], short DNA strands can be considered as a rigid rod. The calculated separation
distance assumes a linear DNA strand, with a C6 spacer between the DNA and the donor
and a C3 spacer with thiol linkage connecting the acceptor gold nanoparticle to the DNA
strand (Figure 35). The time-resolved fluorescence analysis of 16 bp exhibited a single
exponential decay with a lifetime value of 3.13 ns ( ±0.04 ns). The measured lifetimes of
20 bp, 26 bp and 36 bp fragments were 3.16 ns ( ± 0.05 ns), 3.84 ns ( ± 0.04 ns), and 3.86
ns ( ± 0.03 ns), respectively (Figure 36).
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Figure 35: A schematic
chematic drawing of the system under investigation. A 1.4 nm gold
nanoparticle and a FAM donor are attached to the two ends of a
double stranded DNA via linkers. Four different lengths investigated
in the present study are also indicated
indicated.
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Figure 36: Results of time-resolved luminescence measurements indicating the
change in lifetime observed for the three different distances studied (20
bp, 26 bp and 36 bp).
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The quenching efficiencies (Qeff) and energy transfer rates (kET) were calculated
following equations (Eq.16) and (Eq.17), respectively, by comparing the measured
lifetimes of the quenched fluorophore (τ′) with the fluorophore’s lifetime (τ0) in the
absence of gold nanoparticle in the identical DNA conjugated system.

τ'
τ0

[16]

1 1
−
τ' τ0

[17]

Qeff = 1 −

kET =

The quenching efficiency of the gold nanoparticle gradually decreased with an increase in
the length of the DNA strands. Similarly, the nonradiative energy transfer rate followed a
diminishing trend with increasing distance between the donor and acceptor. Our
experimental outcomes supported the enhanced quenching ability of the gold
nanoparticles at a longer distance compared to the traditional FRET process.
The interaction between metal nanoclusters and organic fluorophore varies with distance
between the donor-acceptor pair. At a shorter distance (< 20 Å), radiative enhancement
causes an increase of the spontaneous emission rate of donors that are placed in the
proximity of metal nanostructures where the density of photonic states is higher than in a
homogeneous medium [8,9]. Enhanced rates of the spontaneous emission can lead to the
reduction of the excited-state lifetime of the emitter. At an intermediate distance (20300Å), non-radiative energy loss of the donor is a predominant process [19, 20]. The
non-radiative energy-transfer process varies as f/dn, where f is the fluorophore’s oscillator
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strength, d is the distance between the donor and the metal surface, and n depends on
geometric factors [1].

Recent theoretical studies have attempted to uncover the

nonradiative energy transfer mechanism between metal nanoparticles and organic
fluorophores [19-20, 22-25, 28]. The suggested explanations regarding the reported
deviation of the energy transfer process between nanoparticles and organic donor from
the conventional FRET process are attributed to the breakdown of point dipole
approximations, insufficient orientation averaging during the lifetime of the donor, and
excitation of electron-hole (e-h) pairs in the nanoparticles [22-25, 28].

Quantum

mechanical studies predicted the rate of the energy transfer process from a fluorescent
dye to a spherical nanoparticle might follow a variable distance dependence as 1/dn, with
n =3,4 at intermediate distances, and Förster’s 1/d6 dependence could be regarded at large
separations between the donor and nanoparticles [23]. Additionally, the predicted energy
transfer rate showed an asymptotic, nontrivial nanoparticle size dependence and the
orientation factor varied from 1 to 4, contrasting with the traditional FRET process [23].
The use of a spherical jellium model to validate the rate of the non-radiative energy
transfer process from the excited fluorescein to the gold nanoparticle has revealed that
-6

primary contributions to the energy transfer process originate from the d

term at the

distances < 28 Å [28]. In addition, it has been suggested that the excitation of plasmons
or electron-hole pairs of the nanoparticle are not sufficient to explain the energy transfer
rate between the donor and nanoparticles at a longer distance [28]. A recent development
of generalized Förster theory incorporating distance and torsional fluctuations pointed out
that the deviation of the energy transfer process between metal nanoparticle and organic
donor could originate from quantum mechanical modulations of donor-acceptor coupling
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[13].

Considering n=4 for the dipole–metal surface energy transfer process, the

characteristic distance (d0) involving the nonradiative surface energy transfer (SET)
between FAM and gold nanoparticle was estimated to be 76.3 Å [19,20], using the
Persson and Lang’s model [29]. However, the gold nanoparticle is assumed to be an
infinitely wide plane of dipoles and the true n value could be slightly greater than 4 in
respect of the dipole-surface energy transfer process [19,20].

Recent experimental

studies on the surface energy transfer involving DNA conjugated fluorescent dyes and
gold nanoparticle system analyzed the experimental results in the light of the Persson and
Lang’s model [29], supporting a 1/d4 distance dependence of the energy transfer process
[19,20]. Additionally, salt concentration, length of linker molecules connecting the dye
and DNA, and orientation of the fluorescent donor were found to be crucial players for
the energy transfer process [30].
A comparison of quenching efficiencies obtained from our experimental results with a
theoretical curve generated from the expression (Eq. 18) with do value of 70 Å indicated
that the energy transfer process involving gold nanoparticle as quencher followed largely
a 1/d4 distance dependence (Figure 37). The do value refers to the separation distance at
which the donor will exhibit equal probabilities for energy transfer and spontaneous
emission in the presence of an absorber (gold nanoparticles).

Qeff =

1
 d n
1+  
 d0

[18]
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Figure 37: The quenching efficiency plotted as a function of distance for 1/d4 and
1/d6 models. At distances greater than 10 nm, the system shows quenching
efficiencies closer to the 1/d4 model.

In summary, this investigation demonstrated the energy transfer between an organic
donor and nanoparticle quencher separated by distances greater than the distance limits of
the conventional FRET technique.

Further experimental investigation at shorter

separation distance between the donor fluorophore and nanoparticle is required to unravel
the mechanistic details of the non-radiative energy transfer process involving metal
nanoparticle quencher.
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2.3. Structural study of Y-DNA using Time-resolved Fluorescence
Spectroscopy
DNA, which has a toolbox of versatile physiochemical properties, can be used as a
generic material to develop novel supramolecular structures because of its highly
selective molecular recognition property [31, 32]. Y-shaped DNA (Y-DNA) can play a
key role in the formation of unique assembled architectures [26].

For instance,

dendrimer-like DNA (DL-DNA) structures were synthesized by assembling Y-DNA of
varying lengths [26, 33]. DL-DNA has a promising role in the development of nanobarcode technology [34, 35], by functioning as a structural scaffolding as well as a
structural probe involving multiplexed molecular sensing process [33]. Supramolecular
assemblies of dendrimers can lead to the formation of multilayered gels and
multimolecular megamers with complex architectural features [33].

DNA-based

dendrimers are potentially beneficial to numerous in vivo applications such as drug and
gene delivery, imaging, and tissue repair [36-37], because of their biocompatibility and
chemical homogeneity of DL-dendrimers [34, 35, 38 ]. The ability to control the size,
topology and ultimately the chemical properties of dendrimers relies on the structural
stability of the building units [32]. Therefore, the physiochemical properties of Y-DNA
can significantly affect the overall characteristics of the supramolecular structures. YDNA is composed of three entangled oligonucleotide components that are partially
complementary to each other [26, 34 ]. The formation of Y-DNA has been achieved by
stepwise as well as all-in-one (one pot) synthesis methods [26, 34].

The stepwise

approach followed an initial hybridization of two oligonucleotides with partially
complementary sequences, resulting in one arm of a Y-DNA; afterwards, the attachment
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of a third oligonucleotide having the complementary base sequence to the first two
unmatched portions of oligonucleotides, formed the other two arms of the Y-DNA. In
the one-pot synthesis process, equal moles of all three oligonucleotides were mixed
together to form the Y-DNA. Thus, designing appropriate base-sequences is imperative
to construct a Y-DNA having a desired length [33-35]. The overall dimension and
growth of an assembled structure critically depend on the conformational stability and
structural flexibility of Y-DNA as a building block [32, 36, 37 ]. Hence, investigating the
Y-DNA’s structural properties in the solution state, which is the natural environment for
organizing

supramolecular architectures, is essential for the development of the self-

assembly techniques using Y-DNA. In the present study, we used the time-resolved
fluorescence resonance energy transfer (FRET) method to investigate the geometric
dimension and structural stability of Y-DNA.

As noted above, the FRET process

involves a donor fluorophore in its excited state transferring energy by a nonradiative
mechanism to an acceptor molecule placed in close proximity to the donor [1, 3, 9, 14].
Thus, FRET is not the result of a concentration-dependent re-absorption process
involving intermediate photon transfer between a donor-acceptor pair [1,3].

Time-

resolved analysis reveals molecular information, which, in general, is lost during timeaveraging process [1,3,9,10,14]. Accordingly, unlike steady-state measurements, timeresolved experiments give information on the molecular shape and conformations of the
donor molecules and the local distribution of the acceptor molecules around the donors
[1,10].

A pair of fluorophore (Alexa 488) and black-hole quencher (Dabcyl) were

successively positioned at two different ends of Y-DNA. The lifetime of the fluorophore
was measured to observe the quenching effect of the absorber, reflecting the relative
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distance between the donor and acceptor. In the FRET process, the donor and acceptor
are coupled by a distance-dependent dipole-dipole interaction [1, 3].

The distance

between the donor and acceptor and the extent of spectral overlap between them control
the rate of energy transfer [1, 3]. Hence, time-dependent study of the emission lifetime of
the fluorophore attached with Y-DNA is a unique means to shed light on the structural
properties of the Y-DNA.
2.3.1. Experimental Method
Y-DNA consisted of three overlapping single oligonucleotide strands. Two of the
oligonucleotides were either labeled with a fluorophore (Alexa 488, Ex= 495 nm and Em
=519 nm) or quencher. The fluorescent donor and acceptor were successively placed at
two different ends of Y-DNA (Figure 38).

Y-DNA was synthesized and purified

following the methods described in the Refs.26 and 33 (All Y-DNA samples used in this
study were obtained from Prof. Dan Luo’s group at Cornell University).

Y-DNA

solutions (60 nM) were prepared using TE buffer (Sigma Cat# 93302) and the pH of the
solutions was maintained at 7.5 for all steady-state and time-resolved fluorescence
measurements. The time-resolved fluorescence measurements were carried out using a
time correlated single photon counting (TCSPC) system (Horiba Jobin-Yvon). A 50 ps
diode laser operating at 1 MHz repetition rate and 467 nm emission wavelength was used
as the excitation source. The time-resolved data analysis with single exponential fitting
model was performed with DAS6 software based on a deconvolution technique using the
iterative nonlinear least-squares method [3, 17]. The steady-state fluorescence spectra
were recorded using a spectrometer with a Xenon lamp as an excitation source at 357 nm.
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Y-DNA
DNA with the positions of the attached
Figure 38:: A schematic diagram of Y
fluorophore (Alexa 488) and quencher (Dabcyl). Ya, Yb, and Yc represent
the distance between the don
donor and quencher.
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2.3.2. Results and Discussion
Time-resolved measurements were performed on the DNA-conjugated fluorophore

to

examine any possible effect of the nucleic acid conjugation on the emission
characteristics and fluorescence decay kinetics of the DNA-tagged Alexa 488. The
steady-state photoluminescence study of Alexa 488 showed an emission maximum at 519
nm (Figure 39). The emission lifetime of Alexa 488 attached with Y-DNA was found to
be 4.25 ns (± 0.02 ns) at the emission maximum

(519 nm), following a single-

exponential fluorescence decay model (Figure 39). These results confirmed that the
fluorophore retained its original emission properties after conjugation with the Y-DNA.
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A

B

Figure 39: Steady-state photoluminescence spectrum of Alexa 488 conjugated
with Y-DNA (A). Time-resolved luminescence study of Alexa 488
associated with Y-DNA (B).
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Steady-state PL measurements showed differences in the emission intensity of Alexa 488
fluorophore associated with the Y-DNA systems (Figure 40).
The emission lifetimes of the Y-DNA conjugated fluorophore for Y1, Y2 and Y3 were
3.99 ns (± 0.06 ns), 4.14 ns (± 0.04 ns), and 3.44 ns (± 0.21), respectively (Figure 41).
The lifetime of Alexa 488 fluorophore that was placed successively at three ends of
Y-DNA was reduced from the initial lifetime of the fluorophore in the absence of
quencher.

Figure 40: Steady-state emission spectra of Alexa 488 associated with Y1, Y2 and Y3.
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Figure 41: Time-resolved emission spectra of Alexa 488 associated
with Y1, Y2 and Y3 DNA systems, showing differences in
lifetime of the fluorophore conjugated to the Y-DNA
systems.

100

The distance between the donor and the quencher was computed using the following
equations (19) and (20) [1, 3], where d0 denotes the Förster radius (4.9 nm) for Alexa 488
and Dabcyl.

The FRET efficiency (E) was estimated by comparing the quenched

fluorophore’s lifetime (τda) with the lifetime (τd) of fluorophore tagged with the Y-DNA
in the absence of quencher (Eq.19).


τ 
E = 1 − da 

τ d 

(1 )
 1
 6


d = do    − 1 
  E   



[19]

[20]

The differences in the lifetime reduction of the fluorophore suggested different distances
between the donor and acceptor associated with particular Y-DNA arms [Table 1], since
the lifetime reduction of the fluorophore depends on the proximity of the fluorophore to
the quencher.
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DNA
Y1
Y2
Y3

Lifetime (ns)
of Alexa-488
(donor)
3.99 (± 0.06)
4.14 (± 0. 0.04)
3.44 (± 0.21)

Distance between the
donor and acceptor
(nm)
7.71 (± 0.11)
8.90 (± 0.08)
6.23 (± 0.40)

Table 1: Distance between the donor and acceptor attached to Y-DNA arms.
The conformational stability of the Y-DNA system was examined by heating the Y-DNA
samples to 40 oC, which is below the melting temperature of Y-DNA. After heating, the
initial lifetime of the fluorophore changed and all three Y-DNA systems returned to their
initial state upon lowering the temperature back to room temperature, exhibiting the
respective initial lifetime of the donor (Table 2). After heating, Y3 exhibited an increase
in the fluorescence lifetime of the donor. Conversely, the lifetime of the fluorophore
associated with Y2 and Y1 decreased due to heating.
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Figure 42:Time–resolved spectra of Alexa 488 showing the effect of heating on the
emission dynamics of the flurophore conjugated with Y1.
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Figure 43:Time–resolved spectra of Alexa 488 showing the effect of heating on the
emission dynamics of the flurophore conjugated with Y2.

104

Figure 44:Time–resolved spectra of Alexa 488 showing the effect of heating on the
emission dynamics of the flurophore conjugated with Y3 .
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DNA

Lifetime (ns)
at room temperature

Y1

3.99 (± 0.06)

Lifetime (ns)
after Heating to
40 oC
3.91 (± 0.01)

Y2

4.14 (± 0. 0.04)

3.84 (± 0.02)

Y3

3.44 (± 0.21)

4.22 (± 0.01)

Table 2: Heating effect on lifetime of the Y-DNA conjugated with Alexa 488.

The response of Y-DNA to the temperature change suggested that the entangled Yshaped nucleic acid system is rigid enough to maintain its original conformation. The
conformational changes of Y-DNA due to heating brought the donor and acceptor, which
were originally at a longer separation distance in Y2 and Y1, closer to each other
(Figure 45). Conversely, the donor-acceptor distance in Y3 increased because of heating
(Figure 45). Based on these observations, it may be suggested that the arms of YDNA
possibly underwent a concerted motion, in which two arms came closer to each other,
keeping the third end farther from the other two ends.

The TCSPC measurements

provided an ensemble-averaged picture of the Y-DNA system, depicting the possible
average structural behavior of the Y-DNA in the solution phase and supporting the
structural rigidity of the Y-DNA system.
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Figure 45: A schematic diagram describing the motion of Y
Y-DNA
DNA arms upon heating.
The changes in the relative position of the donor and acceptor are
indicated by dashed arrows and dotted lines ((---).
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In summary, the time-dependent FRET analyses showed the different distances between
the arms of Y-DNA and highlighted the overall structural rigidity of the Y-DNA system.
These results can lead to further investigation of the structural and dynamical properties
of Y-DNA systems by simultaneously studying time-dependent emission profiles of
multiple fluorophores associated with the Y-DNA.
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2.4. An investigation of steady-state and time-dependent
luminescence properties of colloidal InGaP quantum dots
[Adapted from the published article in Proceedings of MRS Fall Meeting 2008,
Symposium AA, 1133-AA07-18]

A quantum dot (QD), often described as an ‘artificial atom’, exhibits discrete energy
levels with spacing that can be modulated precisely through the variation of their size
[39]. Consequently, QDs act as robust light emitters with finely tunable fluorescence
emission that offers a great advantage over conventional organic chromophores [40].
Nanoscopic size, stability in organic and aqueous phases, strong fluorescence, and a
combination of large molar absorptivities and high quantum yields, are the unique
properties that make QDs very attractive for biosensing and as fluorescent labels for
biological research [40-43].

QDs show promising technological potential in the

development of photonic transistors [44], photovoltaic devices [45], light-emitting diodes
[46], and lasers [1]. Furthermore, QDs can serve as efficient fluorescent donors in the
resonance energy transfer (RET) process [40, 47], a powerful tool for structural
investigation of biological and synthetic macromolecules [1]. RET phenomena involving
a pair of fluorescent donors and quenchers have been extensively utilized to investigate
biomolecular conformational changes, which are imperative for understanding the
structure-function characteristics of proteins [2] and nucleic acids [9, 48]. The long
radiative lifetime of QDs (>10 ns) facilitates continuous and long-term tracking of slow
biological processes and conformational dynamics of biomolecules with large distance
changes, a challenging task with conventional organic fluorophores [40-42]. Indeed, the
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applications of CdSe and CdS QDs have proven to be promising in this context [41, 42,
47, 48].
In the present study, we have investigated the steady-state and time-dependent optical
properties of InGaP/ZnS core-shell QDs. These QDs can serve as an attractive, low
toxicity alternative compared with the widely used semiconductor QDs, because they
have no heavy metal components. Conventional cadmium- (Cd) and lead- (Pb) based
semiconductor nanocrystals produce bio-hazardous wastes, specifically classified under
the U.S. Restriction of Hazardous Substances Directive (RoHS). The use of II-VI and
III-V semiconductor QDs (such as, CdTe, CdSe) as fluorescent labels presents a practical
challenge in biological applications due to their intrinsic toxicity, owing to the presence
of surface ions and the production of photo-initiated radicals [49]. Moreover, the longterm effects of toxic QDs in a biological system are not well understood. The use of
InGaP QDs can provide an attractive biocompatible alternative for life science research,
such as cell imaging, cell tracking, and cancer assays [40-43].

Since diverse

experimental conditions can significantly affect the photo-physical properties of QDs [39,
41], a comprehensive understanding of their emission dynamics is essential [50]. Timedependent analysis of the fluorescence emission of QDs reveals the status of their photoexcited states, which depend in turn on the confinement of electrons in a nearly defectfree three-dimensional crystal lattice as well as the surface conditions and local external
environment of the QDs [50, 51]. In this study, we have investigated the time-resolved
photoluminescence (PL) lifetime of InGaP/ZnS core/shell QDs, elucidating the emission
dynamics that plays a key role in their application as fluorescent donors [40,42]. In
addition, the change in the lifetime of InGaP/ZnS core/shell QDs was demonstrated in the
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presence of an absorber molecule, validating the applicability of InGaP QDs to the RET
process.
2.4.1. Experimental Methods
InGaP/ZnS core/shell QDs in toluene were obtained from Evident Technologies Inc. The
size of the QD core is ~ 3.5 nm, and the diameter of the InGaP QD including its ZnS
shell is approximately 6 nm [52]. The absorption spectrum of InGaP/ZnS core/shell QDs
was measured using a Varian (CARY 5000) spectrometer. A continuous wave (CW) PL
study of the QD solution was performed using an argon-ion laser with primary excitation
wavelength of 488 nm as an excitation source, and the PL spectrum of the QDs was
recorded using a fiber-coupled spectrometer (Ocean Optics HR4000).
We used a time-correlated single photon counting (TCSPC) system (Horiba Jobin-Yvon)
to investigate the time-dependent optical properties of the QD emission. A 50 ps diode
laser operating at 100 kHz repetition rate and 467 nm emission wavelength was used as
the excitation source. To investigate the RET process between QDs and absorbers, the
coordination compound Exciton ABS 642 (Exciton Inc.), was utilized as a quencher.
Solutions of the QDs and the absorbers in toluene were prepared separately, maintaining
an absorbance of 0.1 in their respective solutions. Subsequently, the absorber solution
was added to the QDs to investigate the effect of the quencher on the fluorescence
emission intensity and luminescence lifetime of the QDs. The resulting solution was
found to be optically clear and homogeneous, and the final concentration of the QDs was
maintained at an absorbance of ~ 0.05 for the time-dependent luminescence experiments.
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2.4.2. Results and Discussion
The absorption spectrum of InGaP/ZnS core/shell QDs in toluene showed a clear
excitonic absorption peak at 600 nm at room temperature (Figure 46), corresponding to
the energy band gap (Eg) of ~ 2.06 eV. The absorption spectrum shows a second peak at
~ 500 nm due to absorption by excited states of the QD. The PL spectrum of the QDs
showed a maximum at 650 nm with full width at half maximum of ~ 85 nm. The Stokes
shift is found to be 50 nm (159 meV) for InGaP/ZnS core/shell QDs (Figure 46).

Figure 46: Optical absorption (solid line) and PL (dashed line) spectra of InGaP
quantum dots.
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Time-resolved PL study of QDs provides information on the kinetics of carrier relaxation
[50, 53, 54, 55]. The PL decay of the QDs (Figure 47) at the emission maximum (650
nm) followed a bi-exponential model (τ1= 47.1 ns (± 1.1ns), τ2 = 142 ns (± 3.32 ns)).
The steady state PL measurements (Figure 46) revealed a broad line-width (~ 85 nm),
indicative of a large size-distribution in the QD ensemble. To verify this, we performed
time-resolved PL measurements at emission wavelengths above (690 nm) and below (610
nm) the emission maximum (Figure 47). The emission at the shorter wavelength, 610
nm, corresponds to smaller QDs possessing greater carrier confinement, and hence a
larger oscillator strength resulting in a faster radiative decay [56]. Experimentally, we
observed the lifetimes at 610 nm to be τ1= 36.5 ns (± 1.05 ns), τ2= 111 ns (± 3.15 ns).
Conversely, the emission at a longer wavelength is expected to have its major
contribution from larger QDs that have smaller oscillator strength and thus a longer
radiative lifetime [56]. We found the lifetimes of the QDs at 690 nm to be τ1= 55.7 ns (±
0.26 ns), τ2= 175 ns (± 0.82 ns).
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Figure 47: Time-resolved PL spectra of InGaP quantum dots at three different
emission wavelengths 610 nm (blue squares),650 nm (green circles) and
690 nm (red triangle), corresponding to the wavelengths below and above
the emission maximum of 650 nm.
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Resonance energy transfer is an attractive optical method to probe distance-regulated and
time-dependent biological events under both in vivo and in vitro conditions [1]. Real
time spectroscopic ruler techniques, such as Förster resonance energy transfer (FRET),
and surface energy transfer (SET), fundamentally rely on the RET principle which is
based on the kinetics of the energy transfer process between a donor fluorophore and an
acceptor molecule [41, 1, 9]. The efficiency of RET depends on the spectral overlap of a
donor’s luminescence with the absorption of a potential acceptor [1]. Considering the
role of QD as a promising fluorescent donor, this study investigated the efficiency of the
RET process between InGaP/ZnS core/shell QD and an absorber. Exciton ABS 642
exhibits an absorption peak at 650 nm and has considerable overlap with the fluorescence
emission of InGaP QDs (Figure 48). Moreover, the absorber does not exhibit any
fluorescence and scattering under the experimental conditions discussed here.

In

addition, the excitation source emits at 467 nm, which is far away from the absorption
wavelength of the acceptor, minimizing the possibility of direct excitation of the acceptor
molecule. Considerable quenching in the emission intensity of the InGaP/ZnS core/shell
QDs was observed after mixing with Exciton ABS 642 (Figure 49). Additionally, no
shift in the original emission wavelength of the QDs was observed, which affirmed that
the absorber molecules did not perturb the native chemical environment of the
InGaP/ZnS core/shell QDs. The reduction of the emission intensity of the InGaP/ZnS
core/shell QDs can be attributed to the energy transfer process between the QD and the
absorber. Since the spatial proximity of a quencher molecule provides a new decay
channel to dissipate energy of the photo-excited QD [41, 1], the PL lifetime of the QD is
expected to undergo an alteration due to the energy transfer process.
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Figure 48: The absorption spectrum of the absorber ABS 642 showed a significant
overlap with the photoluminescence spectrum of InGaP quantum dots at
650 nm.

Figure 49: CW PL spectra exhibited the quenching of the InGaP QD luminescence.
The emissions of the QD in the absence (dashed line) and in the presence
(solid line) of the quencher (Exciton ABS 642) are shown
shown.
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The photoluminescence lifetime of InGaP/ZnS core/shell QDs was analyzed in the
presence of the absorber to confirm this energy transfer process. The lifetime of the
InGaP/ZnS core/shell QDs altered considerably in the presence of the absorbers (Figure
50) at the emission maximum of 650 nm. The reduction of the first QDs’ lifetime, τ1 (~
36 % at 1:2 and 42 % at 1:5 QDs to absorber concentration ratio, respectively) in the
presence of the absorber supports the inference that a RET process took place between
the InGaP/ZnS core/shell QD and the absorber in the solution phase.
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Figure 50:Time resolved photoluminescence spectra of InGaP quantum dots in the
presence of the quencher, Exciton absorber ABS 642. Additionally, the
decay of the InGaP quantum dots (filled squares) is presented. All spectra
were recorded at 650 nm.

117

Although there is no covalent link between the donor QDs and the acceptor molecules in
the current experiment, the evidence of RET between the InGaP QDs and the ABS 642
absorber molecules indicates spatial proximity between them. Based on the aforesaid
observations, we anticipate that biocompatible InGaP QDs can be applied towards
investigating biological processes entailing longer time and relatively large distance
changes [9], which are currently out of reach of conventional organic fluorophores. By
reducing the effects of background autofluorescence [42, 57], and enhancing the
photostability of fluorescent labels, these QDs will help to elucidate relatively large (>10
nm) biomolecular conformational changes [47] such as DNA structural dynamics, protein
folding, RNA folding, and oligomerization of membrane proteins [58, 59].
In summary, the absorption and PL emission studies reported here show that InGaP QDs
with a moderate Stokes shift can be utilized as a promising fluorescent donor for
spectroscopic ruler applications. The investigation of the PL lifetime of InGaP/ZnS
core/shell QDs revealed fluorescence decay with a relatively longer lifetime compared
with conventional bio-conjugating QDs (such as, CdSe, CdS). In addition, this study
demonstrates the possibility of using these QDs as fluorescent donor in the RET
mechanism. We anticipate the use of these less toxic InGaP colloidal QDs with longer
luminescence lifetimes to further research in areas of biological imaging and biosensing.
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3.1. Introduction
Biopolymers are associated with a wide variety of functions depending on their
physiochemical properties. Biological macromolecules (protein, nucleic acids) meet the
same nanometer length scale of inorganic nanostructures [1]. Hence, nanostructures
associated with biomaterials have a wide range of applications toward the development of
integrated mechanical, optical and electronic devices, sophisticated catalysts and novel
biosensing devices [1-6]. Nucleic acid is an exclusive polymer that regulates the genetic
bases of living organisms. Nucleic acid can also function as a unique building block of
novel supramolecular architectures. DNA plays a leading role in the development of
various novel nanostructures and nanoscale devices, specifically, biosensors [1-6]. The
highly specific molecular recognition property and the characteristic double helix
structure of DNA originate from the selective base pairing between two complementary
single strands [1, 4, 5]. The design of a DNA sensing device relies on the specific
molecular recognition property and selective hybridization process of the DNA [1,4],
involving the selective binding of a single strand (ss) DNA (target sequence) to its
complementary strand (probe sequence) under physiological conditions [1,4,7]. ssDNA
exhibits

considerable differences in electrostatic properties and conformational

flexibility from its double stranded (ds) form, and therefore a theoretical understanding of
the structural differences in the nucleic acid system (from ssDNA to dsDNA) is essential
for the development of DNA-based sensing devices.

Molecular dynamics (MD)

simulation is, in essence, a single molecule “in silico” experiment [9], which provides an
atomistic description of a biopolymeric system. Therefore, MD simulation is a suitable
way to explore the structural and dynamical properties of the ssDNA.
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Globular proteins such as BSA (Bovine serum albumin) play an imperative role in
synthesizing novel bio-conjugated nanoarchitectures in an aqueous medium.

Steric

effect, spatial orientations and noncovalent interaction of the associated biomolecules
control the growth and assembly of the nanostructures [1, 6]. In addition, the conjugation
of nanomaterials significantly affects the structural properties of the associated proteins
or linker biomolecules [1,6,7].
Lipids are naturally occurring surfactants with a wide variety of polar head groups and
non-polar organic tails, and possess a very selective self-assembly property. Therefore,
lipid acts as a building unit of biological membrane protecting the cellular components.
The combination of polar and non-polar components in a lipid system causes a special
structural heterogeneity, which can lead to the formation of novel organic-inorganic
hybrid structures upon conjugation with nanomaterials in an organic medium [1,6].
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3.2. Molecular dynamics simulations of a single stranded (ss) DNA
[Adapted from the published article in Molecular Simulation 2007, 33(6-8), 573-576.]

In recent years, the specific and selective hybridization of nucleic acids have been
utilized widely for the development of novel nanostructures, including nanoelectronics,
nanomechanics and biosensing devices [1-2].

The specific molecular recognition

property and hybridization phenomenon of DNA significantly control the sensitivity and
selectivity of DNA based biosensors [2-4]. DNA possesses a polyanionic backbone,
composed of alternating sugar and phosphate groups, and has four different bases,
namely, Adenine (A), Guanine (G), Cytosine (C) and Thymine (T) [3]. The specific
molecular recognition property of DNA originates from the selective base pairing: A
binds to T and C binds to G [3, 4]. Apart from this distinctly characteristic base-pairing
property, the polyanionic backbone controls the physiochemical properties of DNA such
as flexibility, electrostatic properties, and binding capacity to cationic nanoparticulates
[5, 6]. DNA based biosensors fundamentally rely on the hybridization phenomenon, in
which a single strand (ss) DNA binds selectively to its complementary strand under
ambient conditions [2, 7].

As a result of the exposed bases and the lack of a

comparatively rigid double helix structure, ssDNA demonstrates considerable differences
in electrostatic properties and flexibility compared with double strand (ds) DNA [3, 7].
Consequently, the ssDNA plays a significant role in the hybridization process, as well as
in the proper functioning of these nanostructure devices [2, 3, 7].
In view of the fact that the biosensing devices primarily use short DNA strands, this study
focused on the 130-145 codon (15 codon) sequence of the p53 gene, which is involved in
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tumor suppression [8], and a mutation in this codon sequence of p53 can cause cancer, in
particular, lung cancer.

The specific objective of this study was to theoretically

understand the conformational characteristics of short single strand of nucleic acids under
various thermodynamic conditions. Accordingly, an understanding of the behavior of
short strands of the DNA system can be employed to improve the hybridization process,
associated with the characteristic role of the biosensing devices. Molecular Dynamics
(MD) Simulations of the ssDNA were performed for this theoretical investigation.
3.2.1. Simulation Method
MD simulations can delineate the atomistic details of the DNA system because they
compute atomic trajectories by solving equations of motion using empirical force fields
that describe the actual atomic force in biomolecular systems [9]. The simulation was
carried out by the NAMD molecular dynamics program [10], which uses a potential
energy function that considers various bonding and nonbonding energy contributions,
including bond stretching, bending, and torsional bonded interactions [10]. The force
field is the mathematical description of the potential which atoms in the system
experience. In this study, the AMBER force field was utilized, as it is widely applied to
describe nucleic acid system [11].

127

AMBER force field is described below (Eq.21).

V=
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The first, second, and third terms in the function (V) describe bond stretching, bending,
and torsional energy, respectively. The fourth term depicts non-bonded interaction; the
fifth term describes electrostatic energy.

In the force field, chemical bonds are

represented by harmonic potentials, which assume that bonds cannot be ruptured. This
description of the bonds is only realistic close to the equilibrium distance. The bond
force constants, estimated from spectroscopic methods or quantum mechanical
calculations, determine the flexibility of a bond.

Similarly, a harmonic potential

describes the energy related to the alterations of bond angles, given by the second term in
the AMBER force field. The rotational bond energies are depicted by the torsion angle
potential functions, modeled by a periodic function and sum of cosine terms of angles.
The potential functions representing nonbonded interactions are comprised of van der
Waals and electrostatic forces.

The long-range electrostatic interaction is a very

important and challenging issue to address in obtaining a valid result in a biomolecular
simulation [10, 12]. Since the Ewald method is very reliable for estimating electrostatic
interactions in a spatially limited system, the particle–mesh Ewald (PME) method was
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adopted for a faster numerical computation of the electrostatic interaction in this study
[10].
The MD simulation was carried out in the presence of explicit solvent molecules and Na+
counterions. The periodic boundary condition was employed to perform the simulation.
A TIP3P water model in a simulation box was used for solvating the DNA system [11].
The structural parameters and coordinates necessary for the ssDNA system were obtained
by taking into consideration a helix from double stranded B-DNA designed by the
AMBER program with the above-mentioned p53 sequence (130 -140 codon sequence)
[11].

A single DNA strand containing 12 bases was prepared for this molecular

dynamics study.
Energy minimization of the ssDNA and equilibration of the system at particular
thermodynamic conditions are the two initial important steps to undertake a valid
molecular dynamics study [9, 12]. The potential energy of the solvated ssDNA was
minimized for 2000 steps to get the energy-minimized structure of ssDNA. The energyminimization was done by application of the conjugate gradient method in the NAMD
program [10]. Thereafter, the energy-minimized structure of the ssDNA was equilibrated
while maintaining proper thermodynamic conditions of the ensemble of interest. The
equilibration was performed for microcanonical (NVE), canonical (NVT), and isobaricisothermal (NPT) ensembles.

The temperature was maintained at 300 K for all

ensembles. The pressure was maintained at 101325 Pa (1 atm ) in the NPT ensemble.
The consistency of temperature was maintained by performing Langevin Dynamics [9,
10]. The constant pressure control was executed by the Langevin piston Nose-Hoover
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method, available in the NAMD program [10]. VMD, a molecular viewing program, was
used to visualize the dynamics of the system [13]. The achievement of the dynamic
equilibrium of the system was evaluated by how well energy, pressure, and temperature
(thermodynamic properties of the system) were distributed in the system over a certain
amount of time [9, 12].
3.2.2. Results and Discussion
Thermodynamic observables (pressure, temperature, and volume) play an important role
in setting up the proper ensemble for the simulation study [10, 14]. The distribution of
energy (kinetic and potential energy) indicates the establishment of dynamic
thermodynamic equilibrium. Since the force field in the MD simulations assumes that
the bonded interactions (bonds, angles and dihedrals) maintain the characteristics of
harmonic oscillators [9, 10], fluctuations in kinetic energy, and hence the temperature
distribution can be attributed to the equilibrium of the ssDNA system. The simulation
was carried out in the microcanonical ensemble (constant N (number of atoms), V
(volume), and E (energy). The dynamics of system was observed for 100 ps after initial
equilibration of 50 ps.

The initial equilibration was performed at the constant

temperature of 300 K.

The fluctuation in temperature during the dynamics study

maintained the Gaussian distribution with a mean temperature of 303.99 K (Figure 51).
The fluctuations in the temperature describe the effect of the finiteness of the system.

130

Figure 51: Temperature fluctuation observed in NVE ensemble of ssDNA.
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As the system reaches dynamic equilibrium, the total energy of the system approaches a
constant value. The fluctuations in the total energy of the system depend on the number
of atoms or particles present in the simulating system. The average kinetic energy
resulted in the temperature of the solvated ssDNA system. The distribution of the kinetic
energy of the ssDNA system confirms the establishment of physiological temperature.
The kinetic energy distribution of solvated ssDNA system was computed by running the
dynamics for 100 ps in the canonical (NVT) ensemble. The distribution of kinetic energy
of the ssDNA system followed the Maxwell-Boltzmann distribution with the standard
deviation of 0.602 Kcal/mole, which corresponded to a temperature of approximately 300
K (Figure 52). Thus, the desired equilibrium state was achieved by performing the
proper sampling of the ssDNA configurations.
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Figure 52: The distribution of kinetic energy of ss DNA system in NVT
ensemble.
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The Root Mean Square Deviation (RMSD) of the ssDNA backbone was computed for
NVT and NPT ensembles (Figure 53-54). The RMSD provides the numerical measure of
the difference between two structural states of the ssDNA [15, 16]. The conformational
stability of the ssDNA plays a significant role in maintaining a proper equilibrium state.
The RMSD of the nucleic acid backbone shows the conformational state of the ssDNA
with the progress of the dynamics [15, 16]. As the RMSD of the nucleic acid strand
changes over time, it provides an indication of the stability of the ssDNA at the specific
state of equilibrium.
For the NVT ensemble study, at first the ssDNA system was equilibrated for 50 ps at 300
K. The achievement of the dynamic equilibrium state was evaluated by examining the
consistency in the total energy, temperature and volume. Thereafter, the dynamics of the
system was studied for 50 ps. The RMSD of the nucleic acid backbone was calculated
during this dynamics study to investigate the conformational change of the ssDNA from
its apparent equilibrium structure. The RMSD of the ssDNA exhibited an approximately
ο

flattening curve (Figure 53) with the deviation of approximately 1.4 to 1.6 Α . This
result shows a stable conformational state of the ssDNA under the prevailing
thermodynamic conditions.
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Figure 53: RMSD of ssDNA backbone in NVT ensemble.
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The RMSD of the nucleic acid backbone was computed by a similar method for the NPT
ensemble. The simulation was performed at 300 K temperature and 1 atm pressure. The
ssDNA system was equilibrated at first for 50 ps, followed by the dynamics study of 400
ο

ps. The RMSD showed a change of approximately 3 Α with the progress of time
(Figure 54) during the dynamics study. These results indicated that the ssDNA might
have been undergoing structural change from its previous conformation over time, in
spite of the fact that the system maintained the consistency in the equilibrium
thermodynamic conditions.
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Figure 54: RMSD of ssDNA backbone in NPT ensemble
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As the NPT ensemble resembles a closer description of the biological conditions, this
latter study provides an idea of the conformational flexibility of the ssDNA under the
ambient

conditions. The proper thermodynamic conditions

and

the suitable

conformational states of the ssDNA regulate the rate of the hybridization process. The
selectivity and specificity of the hybridization of nucleic acids depend significantly on the
conformational stability and flexibility of the ssDNA. Our study indicated the effect of
thermodynamic conditions on the conformational state of the ssDNA, which could
potentially modulate the qualitative features of DNA-based biosensing devices.
The conformational stability of ssDNA depends on the thermodynamic conditions, and
the flexibility of ssDNA undergoes alteration with the change in the thermodynamic
parameters of the system.
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3.3. Preparing nanopore structures for biosensing: Effect of
anodization conditions on the synthesis of TiO2 nanopores
[Adapted from the published article in Proceedings of MRS Fall Meeting 2006,
Symposium E, 0951-E09-27]
Nanoporous materials have drawn significant interest because of their versatile
applications in fields such as optics [17], electronics [18], catalysis [19] and biosensing
[20]. Various nanostructures, including nanopores and nanotubes, have been fabricated
to manufacture nanoscale devices for chemical and biosensing processes [21]. Titanium
dioxide (TiO2) has emerged as an important oxide material in the development of
nanopore based sensors [20]. The high refractive index (n=2.4) and semiconductive
properties of TiO2 are of great importance in photocatalytic and gas sensing processes
[22, 23].

Since anodic oxidation of titanium metal can produce nano-architectured

porous materials [24], the anodization process is a way to design large arrays of
nanopores with variable size, shape and morphology.
Recently, various in vitro experiments have been conducted to describe the voltage
driven transport of single stranded (ss) DNA through synthetic nanoporous structures [25,
26] and protein suspended in a lipid layer [27]. The investigation of the voltage driven
translocation of polynucleic acids (e.g. DNA, RNA) through nanopore structures has
given rise to the idea of developing novel nanopore based biosensing devices and DNA
sequencing techniques [27].

Since inorganic nanostructures display chemical,

mechanical and thermal rigidity under diverse experimental conditions, their nanoporous
environment can be adjusted [28]. Accordingly, solid-state nanopores made of oxide
materials have an advantage over biological nanopores in the development of biosensors
and the modeling of biomolecular transport through cellular nanostructures [20, 28].
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As part of a continuing endeavor to utilize TiO2 nanopores in the development of a
nucleic acid sensor, the role of anodization conditions in the formation of TiO2
nanoporous arrays was examined. As the morphology and dimensions of the nanopores
significantly influence the sensitivity and selectivity of nanoscale devices, the ability to
control these parameters by modifying the anodization conditions is imperative for sensor
development. In the electrochemical anodization process, titanium acts as the anode,
while platinum is used as the cathode in an electrochemical cell filled with a hydrofluoric
acid electrolyte solution. During the preparation process, titanium is converted to its
oxide form. Previous studies have described the effect of anodizing voltage and pH on
TiO2 nanopore dimensions and morphology [29, 30]. This study investigated the role of
anodization time and electrolyte concentration in the synthesis of a large array of titanium
oxide nanopores, at constant voltage. TiO2 nanopores anodized in solutions of various
HF concentrations or for various amounts of time were compared, to determine the effect
of these anodization parameters on the nanopores.
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3.3.1. Experimental Procedure
Titania nanopores were prepared by anodizing titanium foil in electrolyte solutions
containing hydrofluoric acid (HF). Titanium foils with a thickness of 0.25 mm and
99.7 % purity were purchased from Sigma-Aldrich. The foil was cleaned by sonication
in a solution of methanol, acetone, and isopropanol for 20 minutes.

A Teflon

electrochemical cell, which maintained single-sided contact between the electrodes and
the electrolyte solution and held the electrodes at a distance of 2 mm, was used for the
experiment. The metal foil was placed as the anode in the electrochemical cell, with a
platinum cathode. HF solutions of different concentrations (0.5%, 1%, 5%, and 10%)
were prepared in ultrapure water. Approximately 2 mL of electrolyte solution was used
for each anodization process, and 2.27 cm2 of the titanium surface was exposed to the
electrolyte solution. Using a power supply (VWR AccuPower), a constant potential of
20 V was applied to run the process with varying anodization times (5, 10, 20, and
30 minutes). To protect the oxide layer from dissolution, the TiO2 sample was rapidly
removed from the cell after anodization.

Afterwards, the sample was rinsed with

deionized water and dried with nitrogen gas. A scanning electron microscope (SEM,
Hitachi S-2600) was used to characterize the nanopore structures.
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3.3.2. Results and Discussion
Titanium oxide nanopores were successfully grown by anodic oxidation. Two principal
anodization parameters, anodization time and concentration of HF electrolyte solutions,
were regulated during the synthesis.
The SEM images (Figure 55) show the TiO2 nanopore structures that were developed by
the application of constant potential for 5 minutes. Keeping the anodizing time constant,
the concentration of HF was altered to obtain the nanostructures. With a progressive
increase in HF concentration (from 0.5% to 10%), the diameter of the nanopores
gradually decreased, from approximately 100 nm diameter to 50 nm. The morphology of
the nanostructures underwent a detectable transformation with the change in HF
concentration. At low concentrations of HF (Figure 55A &B), the nanopores exhibited a
distinct tube structure. The nanostructures formed at higher HF concentrations (Figure
55 C &D) displayed pores with interconnected walls. The results show that the nanopore
dimensions can be modified by controlling HF concentration.
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Figure 55: SEM images of TiO2 nanopores prepared by anodization for 5 minutes
in (A) 0.5 %, (B) 1%, (C) 5%, and (D) 10% HF solutions.
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To examine the effect of the length of anodization time on the formation of nanopores,
the anodic oxidation of titanium was carried out at 0.5 % HF concentration with reaction
times from 5 min to 30 minutes (Figure 56).
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Figure 56: TiO2 nanopores prepared by anodization in 0.5%HF for (F) 5 mins,
(G) 10 mins, (I) 20 mins, and (J) 30 minutes. Inserts H and K show
the structures formed at 10 and 30 minutes.

143

The pore size remained largely unaffected with the increase of anodization time. As
anodization time increased, the nanopores showed a noticeable transformation from tube
like structures to pore networks (Figure 56). An enhancement of the uniformity of the
pore distribution was observed at longer anodization times (Figure 56, I and J).
A similar investigation was carried out at a higher concentration of HF (Figure 57).
Titanium was anodized in 5% HF solution with varying reaction times from 5 minutes to
20 minutes.
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Figure 57: TiO2 nanopores prepared by anodization in 5% HF for (L) 5 mins,
(M) 10 mins, and (N) 20 mins.
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Once again, varying the anodization time effected morphological changes in the
nanopores. Long anodization times resulted in merging nanopore structures (Figure
57N), whereas, at shorter anodization times, distinct nanopores were obtained (Figure
57, L & M).
The formation of a titanium oxide nanoporous layer on the metal foil is controlled by
three processes, field-enhanced oxidation of titanium foil, field–assisted oxide
dissolution, and chemical oxide dissolution [29].

During field–enhanced oxidation,

titanium metal is converted to its oxide form, as oxygen-containing ions in the solution
move towards the interface of the metal and its oxide. During field-assisted oxide
dissolution, titanium ions migrate from the metal-oxide interface through the oxide layer
and dissolve into the solution. HF accelerates the rate of dissolution by consuming
titanium ions in solution [30]. Since this mechanism includes no restriction of pore
widening, the extensive dissolution which occurs over long anodization times leads to
pore merging and the eventual loss of the nanopore structures.
This study qualitatively describes the dependence of the structure and morphology of
TiO2 nanopores on the two primary parameters of the anodic oxidation process at
constant voltage. The pore size of TiO2 nanostructures is affected by the electrolyte
concentration during anodization, whereas the morphology and distribution of the
nanopores is affected by both electrolyte concentration and anodization time. The study
found that TiO2 nanostructures show a unique tube-to-pore transition with an increase in
anodization time and electrolyte concentration at constant voltage. The findings of this
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study can be applied to modulate the growth of nanostructured oxide materials for use in
nanopore based sensing devices.
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3.4. Synthesis and Self-assembly of Lipid (DMPC)–capped Gold
Nanoparticles
[Adapted from the published article in Proceedings of MRS Fall Meeting 2007,
Symposium MM, 1061-MM09-08]
The assembly of bio-conjugated colloidal nanomaterials has attracted extensive interest
due to their tunable physiochemical properties that can be controlled as a function of their
size, shape, aggregation state and local environment [31, 6].

Bio-conjugated

nanomaterials play a promising role in the development of novel supramolecular
architectures [31]. Hybrid organic-inorganic nanostructures have versatile technological
potential for the development of integrated circuits [6], molecular machines [32], and
biosensors [2]. Vigorous attempts have been made to obtain assembled structures of
metallic [33] and semiconductor [34, 35] nanostructures (nanoparticles, nanorods) [36,
37] using various molecular systems such as polyelectrolytes [31, 33], surfactants [2],
and long-chain hydrocarbons [38]. The ability to precisely control the overall size of an
assembled structure and the separation distance between nanoparticulates remains a
significant technical challenge [1,2,6,31,32,], yet the uniformity in an ordered structure
controls the physical properties of the entire architecture [6, 31,32]. Additionally, the
stability of nanoparticles in their assembled forms is imperative for the development of
an integrated structure [2,6,31,33]. The interaction among capping reagents helps to
maintain the stability of nanoparticles and the uniformity of their size [1]. Thus, the
capping molecules play a crucial role in the formation of a stable assembly of
nanoparticles as well as limiting the overall dimension of the assembled architecture [2,
31]. Moreover, it is crucial to retain the native properties of biomolecular capping
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reagents after conjugating with nanomaterials, which play a critical role in establishing an
ordered structure [1, 31, 32].
Phospholipids, integral components of cell membranes, are composed of polar head
groups and nonpolar hydrocarbon tails [39]. Because of the amphiphilic nature of lipids,
it is possible to modulate biomolecular interactions by altering the hydrophobic and
hydrophilic components of their molecular framework. Hence, the use of phospholipids
as capping reagents can facilitate the synthesis of a wide variety of biocompatible
nanomaterials [40].

Many variations in the size and shape of the assembled

nanostructures can be achieved by controlling the separation distance between
nanoparticulates with atomic precision using selective molecular interactions of lipids
[41, 42]. In addition, lipids can affect the dielectric properties of metallic nanoparticles,
providing a way to modulate the optical properties of an integrated architecture and serve
as optical sensors [2].

Through altering the nature of the polar head groups, the

interaction between the lipid and nanoparticle can be adjusted [40]. The size and number
of hydrocarbon tails can control dimensions and kinetics to form an assembly of lipidcapped nanomaterials. Additionally, various types of lipids can be mixed [42] to alter the
separation distance between nanoparticles.

Owing to the lipid’s amphiphilic

characteristics, lipid-capped nanoparticles can be fabricated on substrates of various
surface polarities [39].

Accordingly, a specific directionality in the growth of an

assembled structure can be achieved to develop novel supramolecular architectures.
Since the study of phospholipid assembly is used to model biological membranes [43], an
investigation of the hybrid structures of metallic nanoparticles and phospholipids has
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potential for the development of new biosensing devices and drug delivery methods
across cellular membranes.

Hydrocarbon tails

Polar head group

Figure 58: DMPC (1, 2-dimyristoyl-sn-glycero-3-phosphocholine)

In this study, lipid-capped gold nanoparticles were synthesized and allowed to form a
self-assembled monolayer structure. The nanoparticles were prepared by a phase transfer
method, which involved the reduction of potassium tetrachloroaurate(III) by sodium
citrate in an aqueous solution and the simultaneous transfer of the reduced species to an
organic medium containing DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), a
phospholipid with two hydrophobic tails of 14 carbons each (Figure 58). The size and
shape of the gold nanoparticles directly conjugated to DMPC were estimated in a solution
phase and on a solid support using dynamic light scattering (DLS) and transmission
electron microscopy (TEM), respectively.

The Langmuir-Blodgett (LB) method,

commonly applied to assemble long-chain amphiphilies on a liquid subphase or a solid
substrate forming lamellar structures of lipids [43, 44], was utilized to form an assembled
monolayer of lipid-capped nanoparticles. The measurement of the compression isotherm
was used to signal the assemblage of lipid capped gold nanoparticles. Comparative
analyses between assemblies of the DMPC capped gold nanoparticles and unmodified
DMPC molecules were performed to understand the effect of the direct conjugation of
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the gold nanoparticle on the lipid.

By extending this method, the fabrication of

nanoparticles films on a substrate can be achieved to develop solid-state devices [39].
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3.4.1. Experimental Procedure
Materials
DMPC (1, 2-Dimyristoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids), toluene
(HPLC grade, Sigma-Aldrich), potassium tetrachloroaurate (III) (KAuCl4) (98%, SigmaAldrich), sodium citrate (Na3C6H5O7 X 2H2O) (99.0%, VWR) were purchased and
Millipore water was used to prepare aqueous solutions.
3.4.2. Synthesis of DMPC-capped gold nanoparticles
The principle of phase transfer synthesis, generally applied to synthesize surfactants and
amphiphile-capped nanostructures [1, 6, 40], was used to prepare the DMPC-capped gold
nanoparticles in toluene. A solution of DMPC (0.25 mg/ml) in toluene was prepared in a
30 ml glass vial and stirred for 15 mins to ensure complete dissolution of the lipid in
toluene.

An aqueous solution of potassium tetrachloroaurate (III) (1.0 mg/ml) was

prepared; 2 ml of the solution was added to 5 ml of the lipid solution and the mixture was
stirred for 15 mins. While the mixture was being stirred, 1 ml of an aqueous solution of
sodium citrate (10 mg/ml) was added dropwise. The reaction mixture was stirred for 8
hrs. Towards the end of the stirring, the organic phase turned into a clear deep red
solution and the aqueous phase beneath it took on an opaque gray milky color. The
organic layer was removed with a glass syringe.
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3.4.3. Characterization of the gold nanoparticles
An Ocean Optics HR2000 spectrometer was used to study the UV-Vis absorption of gold
nanoparticles in toluene that were placed into a 3.5 ml quartz cuvette of 1 cm pathlength.
The hydrodynamic diameter and polydispersity of the gold nanoparticles in toluene were
obtained at room temperature using a BIC 90plus DLS particle-size analyzer. The size
and shape of the lipid-capped gold nanoparticles were investigated using a JEOL EX1200 TEM after the nanoparticles were drop coated on a carbon coated copper TEM grid
(300 mesh with formvar coating on one side, SPI Supplies, Structure Probe, Inc).
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3.4.4. Assembly of DMPC-capped gold nanoparticles using LangmuirBlodgett Apparatus
A Kibron Inc. (KBN315) Microtrough X was utilized to allow the self-assembly of the
DMPC-capped gold nanoparticles onto a water subphase at room temperature.20 µl of the
nanoparticle solution (DMPC concentration 0.25 mg/ml) was deposited onto a water
surface using a Hamilton manual gas-tight microsyringe. After allowing 20 min to
evaporate the organic solvent, the nanoparticles were compressed at the rate of 4.68 Å2/
(molecule)/min. The compression isotherm was measured to monitor the self-assembly
of the DMPC-capped gold nanoparticles. The same method was followed to assemble
unmodified DMPC.
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3.4.5. Results and Discussion
The optical absorption spectrum of the gold nanoparticles exhibited a peak at 525.73 nm,
supporting the formation of stable nanoparticles in toluene (Figure 59) [2,40].

Figure 59: UV-Vis absorption spectrum of gold nanoparticles in toluene.

DLS utilizes temporal variations of fluctuations of the scattered light to measure an
average hydrodynamic diameter of particles suspended in a liquid medium [45].
The results of dynamic light scattering showed the size of the lipid coated gold
nanoparticles to be 31.5 nm with a polydispersity of 0.205 (Figure 60).
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Figure 60: DLS analysis of gold nanoparticles from a lognormal plot of intensity vs.
diameter of the nanoparticles. Fluctuations in the time intensity of the
scattered light were processed by computing the autocorrelation function,
C(ττ), τ = decay time.
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TEM showed the lipid capped gold nanoparticles maintained a spherical shape, with
diameters ranging from 15 to 25 nm (Figure 61).

A

B

Figure 61: TEM images of gold nanoparticles at a magnification of 120k
(A) and 200k (B).
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The average hydrodynamic diameter of the gold nanoparticles obtained from DLS relies
on intensity-weighting of the scattered light, which is expected to be biased towards
larger particles due to their dominant effect on the light scattering. Although TEM
imaging directly elucidates the geometric size and shape of the gold nanoparticle, it
probes the colloidal nanoparticle outside of the solution phase and native environment.
The characteristic surface plasmon absorption (Figure 59) confirms the formation of the
nanoscopic gold particulates in the solution phase [2, 6]. The spherical shape of the
nanoparticles and their well-separated disposition in the TEM images (Figure 61) can
conceivably be ascribed to the lipid capping molecules of the gold nanoparticles.
Considering the structural similarities between lipids and surfactants [39, 40] and the
proposed nature of the interaction of surfactants with metallic nanoparticles [1,6 ], it may
be suggested that the polar head group of DMPC stabilizes thenanoparticles by forming
non-covalent bonds. The hydrocarbon tails of the attached lipids extend beyond the
surface of the nanoparticle, assist in maintaining a stable solution in nonpolar toluene by
providing a hydrophobic shield preventing nanoparticle aggregation.
The compression isotherms (Figure 62A &B) indicate the formation of a monolayer for
both unmodified DMPC and the lipid-capped gold nanoparticles onto a water surface as
described before.
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A

B

Figure 62: Compression isotherm (π –A) curves of DMPC (A) and DMPC capped
gold nanoparticles (B).
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In general, theoretical modeling of the formation of a monolayer of lipids onto a water
surface using the LB method shows a first-order phase transition [43] and a pressurechange in the compression isotherm indicative of formation of a new phase (Figure 62 ).
Initially, lipids form as a “gas-like” dispersed phase on a water subphase, keeping their
hydrophobic tails away from the aqueous phase [43, 46]. With the application of a
directed force by movement of the LB barriers, the lipids form an ordered assembly on
top of the polar aqueous phase because of the strong hydrophobic interaction of the
lipid’s hydrocarbon tails [43, 44, 46].

The lipids conjugated to the nanoparticles

exhibited a similar behavior, which supports the inference that the associated lipids
retained their ability to form an assembled structure. Due to the association with the gold
nanoparticles, the modified DMPC experienced a localized ordering, causing a shift of
the rising point of the pressure (kink at 51.008 Å2/ chain) at the compression isotherm
curve (Figure 62B).
In this study, the ability to synthesize DMPC-capped gold nanoparticles and to form an
assembly of the phospholipid-conjugated gold nanoparticles onto an aqueous subphase
was tested.

It was found that the direct conjugation of DMPC stabilized the

nanoparticles, and conversely that bonding to nanoparticles controlled the organization of
the lipids. Thus, lipid molecules conjugated with nanoparticles exhibited a relatively
different compression isotherm compared to the original lipid molecules assembled
alone. The change in the pressure of the compression isotherm signals the assembly of
the lipid molecules. Accordingly, it should be possible to develop nanoparticles capped
directly with lipids as self-assembled and controllable structures.
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3.5. Investigating bio-molecular functionalization of gold
nanoparticles
[Adapted from the published article in Technical Proceedings of the NSTI
Nanotechnology Conference and Trade Show 2006, 2, 436-439]
There has been a growing interest in the use of metallic nanoparticles to develop novel
bio-conjugated nanostructures and biosensing devices [1,7,47-51], in particular the sizedependent optical properties of nanomaterials such as surface plasmon resonance (SPR)
play an important role in elucidating the specific molecular recognition event of
biomolecules (protein, DNA) conjugated with nanomaterials [1,7,51]. For example, gold
nanoparticles have been used to detect the hybridization process of nucleic acids and
specific antigen-antibody interactions, which can be applied to develop bio-sensing
devices [2,7]. The hybridization process of the gold nanoparticle-conjugated DNA has
been used to develop a colorimetric detection technique to identify single-base
mismatches in a DNA sequence [52].

Metallic nanoparticles have been applied to

develop ultra sensitive quartz crystal microbalance and scanometric DNA array detector
[52,53].
To develop bio-conjugated nanostructures and devices, nanoparticles are functionalized
with linker molecules that establish the connectivity between nanoparticles and
biomolecules of interest (e.g. nucleic acids) [1]. The linker molecules possess specific
functional groups, which make bonds between the nanoparticles and DNA strands (or the
modified end of nucleic acid strands or proteins) [1,2,7].

For instance, avidin,

streptavidin, and biotin have been employed as linker molecules to establish a covalent
connection between biomolecules and nanostructures, since the avidin-biotin complex
remains highly stable in a wide temperature and pH range [49, 54]. Biotin, a water-
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soluble B-complex vitamin, binds to streptavidin and avidin, two naturally occurring
proteins [55]. Avidin is a basic glycoprotein (MW 68 kDa). The strong affinity of biotin
to avidin was documented by the estimation of the dissociation constant, (Kd = 4 × 10-14
M for streptavidin, and 6 × 10-16 M for avidin) [55,56].
The attachment of functional linker molecules to nanoparticles can impart variable effects
on their physiochemical properties of the nanoparticles [1,2,7].

Due to the surface

modification of the nanoparticles by the attachment of biomolecules, the optical
properties and stability of nanoparticles can undergo considerable change [2].
Conversely, the attachment of nanoparticles to biomolecules can lead to a modification in
the natural binding property of the linker biomolecules [2,48].
In this study, we discuss the synthesis and optical properties of gold nanoparticles
functionalized with two linker biomolecules, namely, biotin and BSA-biotin, as biotin
can function as an effective linker molecule to connect other target biomolecules with
nanoparticles [49, 54]. This study uses the physical phenomena of size dependent surface
plasmon resonance, which has been used to signal the change in the nanoparticle’s
dimension as its absorption maximum shifts to greater wavelengths due to aggregation of
the nanoparticles [47,57]. To investigate the effect of the linker functional biomolecules
on the nanoparticles, we synthesized the functionalized gold nanoparticles in an aqueous
phase maintaining similar experimental conditions.
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3.5.1. Experimental Procedures
Materials
Potassium tetrachloroaurate (III) [KAuCl4] (99.99% (metals basis), gold [Au] (49% min,
packed under argon), sodium borohydride [NaBH4] (99%), biotin (d-Biotin, 99%), and
Bovin Serum Albumin (BSA)-Biotin were purchased from Sigma Aldrich.
Synthesis of the gold nanoparticles
The gold nanoparticles were prepared by reduction of KAuCl4 with NaBH4 in the
presence of biotin. Biotin was attached to the gold nanoparticle during the synthesis
process (‘one pot’ method). 1mL of KAuCl4 solution (10-4 M) was added to 89 mL of
deionized water. Then, 1 mL biotin solution (3.6 X 10-6 M) was added with constant
stirring.

Thereafter, 10 mL NaBH4 solution (10-4 M) was added dropwise and the

solution was allowed to stir for ~ 3 hours, maintaining the temperature within 0-5 oC to
obtain the final product.

Correspondingly, the BSA-biotin functionalized gold

nanoparticles were prepared by the reaction of KAuCl4 and NaBH4 in aqueous solution
containing BSA-biotin. 1 mL of BSA-biotin solution (3.4 mg/ml) was added to 89 mL of
KAuCl4 solution with constant stirring at room temperature. Then, 10 mL of NaBH4
solution was added dropwise, and the solution was stirred for ~ 4 hours maintaining the
abovementioned temperature range.

162

Characterization of the gold nanoparticles
Dynamic light scattering (DLS, 90Plus/BI-MS-Particle Size Analyzer, Brookhaven
Instrument Corporation) was used to measure the effective diameter the functionalized
gold nanoparticles in the aqueous solution at room temperature (25oC). A fiber coupled
Ocean Optics spectrophotometer (HR2000) was used to obtain the absorption spectra of
the gold nanoparticle solution.
3.5.2. Results and Discussion
A characteristic absorption spectrum depicts the size-dependent optical behavior of the
nanoparticles [47]. Additionally, the UV-Vis spectrum of bioconjugated nanoparticles
provides qualitative information of the stability of the nanomaterial system.
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Figure 63: UV-Vis absorption spectra of the biotinylated gold and BSAbiotinylated gold nanoparticles.
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UV-Vis spectral analyses of the dispersed colloidal gold nanoparticles resulted in a
characteristic absorption maximum of the nanoparticle.

The biotinylated gold

nanoparticles exhibited a maximum at 528 nm (Figure 63), whereas BSA-biotinylated
gold nanoparticles showed an absorption maximum at 521 nm (Figure 63). Neither
BSA-biotin nor biotin alone exhibited any absorption maxima in that wavelength range.
This wavelength shift of the nanoparticles indicates that the nature of the capping
biomolecules affected the overall size of the nanoparticles.
DLS employs temporal variations of the scattered light to measure the size of the
particles suspended in a liquid medium (Figure 64). The effective diameter of the
nanoparticles represents an average size of the particles in the sample.
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Figure 64: An autocorrelation of the scattered light intensity trace recorded
during DLS experiment
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Table 3 shows sizes of the gold nanoparticles attached to different biotin molecules.
Nanoparticle

Effective diameter (nm)

Standard deviation

Biotin-gold

58.5

1.9

BSA-biotin- gold

96.9

0.4

Table 3: Diameters of the gold nanoparticles measured by DLS

The attachment of linker molecules causes a change in the hydrodynamic diameter of the
nanoparticles as indicated by the trends in the diameter of the nanoparticles (Table 3).
Accordingly, the coupling process of nanoparticles with biomolecules is expected to play
an important role in bio-template reactions and nanoparticles assembly, as the physical
properties of the nanostructures depend on the attached biomolecules.
This study showed a qualitative picture of the effect of biomolecular functionalization on
gold nanoparticles.

The process of bio-functionalization can influence the optical

properties and physical dimension of nanostructures synthesized at the similar
experimental conditions.
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